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Van de chemische prikkels die de ademhaling beihvloeden is de arteriële zuur-
stofspanning, indien boven de normale waarde van 100 mm Hg, te verwaar-
lozen met betrekking tot de veranderingen in de ventilatie als gevolg van 
prikkeling door de arteriële Рсог e n H+-ionen. Men is er in het algemeen over 
eens, dat een toename van de Рсог e n H + de ventilatie doet toenemen door 
prikkeling van de centrale chemoreceptoren. 
Bij de niet genarcotiseerde mens en dieren is de relatieve bijdrage van de 
Pc02 e n v a n de H + aan de totale ventilatie, bij een normaal zuur-base even­
wicht, ongeveer aan elkaar gelijk. Narcose of slaap hebben invloed op de 
centrale chemoreceptoren in díe zin, dat de partiële bijdrage van de H aan de 
ventilatie van 50 naar ongeveer 30o/o afneemt ; als gevolg hiervan stijgt die van 
de Рсог v a n 50 naar ongeveer 70o/o. Dat wil zeggen dat de regulatie van de 
ventilatie in de bewusteloze toestand meer afhankelijk is van de Рсси ^ап van 
deH+. 
In metabole acidóse treedt bij dieren een bijna evenwijdige verschuiving 
op van de ventilatoire respons curven van de Рсог n a a r ' a 8 e r e P c 0 2 ' w a a r d e n · 
Het schijnt dus dat de stimulerende effecten van de Pcoi e n H + additief zijn, 
dat wil zeggen de Р с о г " e n de H+-prikkel werken onafhankelijk van elkaar en 
de resulterende ventilatie is eenvoudig de algebraische som van deze effecten. 
In feite is er echter een negatieve interactie tussen de toename van de Pcoi 
en die van de H+; de stijging van de Рсог r e m t de partiële prikkeling door H 
en omgekeerd. De partiële prikkeling van de Pco? w o rdt ook geremd door de 
РсОг'^ЧВ^В
 z elf· Daarentegen wordt de H """-prikkeling door een toename van 
de H zelf verhoogd. Hierdoor zal in metabole acidóse de verhouding van de 
partiële bijdragen aan de ventilatie door de Рсог en H + afhankelijk zijn van 
de mate van de acidóse; bij ernstige acidóse is de regulatie van de ventilatie 
meer afhankelijk van de H+-prikkel en onafhankelijk van de Pco2-P ri^el · 
Hypoxie 
Met betrekking tot de ventilatie-respons curve op de Рсог gedurende acute 
hypoxic is er een duidelijk verschil tussen mens en dier. 
Bij de mens verschuift de P c o 2 ' r e s P o n s c u r v e n a a r l a g e r e Pc02-W a a rden 
bij toename van de hypoxische prikkel, er is echter een vaste waarde voor de 
PC02-drempel voor de ademhaling die onafhankelijk is van het Po2-n¡veau· 
Onder deze PQQj-i^mpel neemt het adem-minuut-volume toe als de PQJ 
vermindert, maar verandering in de Рсог heeft geen significant effect op de 
respons curve. Boven de PÇQ -* -drempel heeft verandering van de Pco2 e e n 
sterk effect op de ventilatie; de helling van de Pcc^^sP0 1 1 5 curve wordt 
steiler naarmate de Рол 1а6ег wordt, hetgeen wijst op een potentierend effect 
van de hypoxic en de Рсси· Aangezien de respons curve bij de mens bestaat 
uit twee hellende delen, een betrekkelijk vlak en een zeer steil deel, krijgt deze 
een karakteristieke, zogenaamde "hockey stick" vorm. 
Het adem-minuut-volume in het weinig hellende deel wordt beschouwd als 
een uiting van de hypoxische ademprikkeling door tussenkomst van de peri­
fere chemoreceptoren, omdat de ventilatie toeneemt als de P02 afneemt, 
onafhankelijk van de verandering in de Pc02 e n n ' e t v e e ' vermindert tijdens 
slaap. De hypoxische potentiering met de Рсог z o u p l a a t s hebben in het 
ademhalingscentrum tussen de Рсог " 0 ^ H +-prikkelmg via de centrale chemo­
receptoren enerzijds en de hypoxische prikkeling via de perifere chemorecep­
toren anderzijds. 
In niet genarcotiseerde en in genarcotiseerde dieren daarentegen, ver­
schuiven de Рсог" 1 , 6 5? 0 1 1 5 curven gedurende de acute hypoxic eenvoudig naar 
lagere Pço2 'w a a rd e n bij verlaging van de P02. waarbij zij grof genomen paral-
lel aan elkaar verlopen, ofschoon er een geringe hypoxische potentiatie met de 
PCO2 bestaat. Er is dus geen "hockey stick" en geen vaste waarde voor de 
Pco2'^ r emPel bij dieren. Deze respons curven zijn gelijk aan die in hyperoxie 
gedurende metabole acidóse. In genarcotiseerde dieren valt de functie van de 
centrale chemoreceptoren door hypothermie bij ongeveer 10oC beneden nor-
mothermie uit, zonder veel verandering in de respons van de perifere chemo-
receptoren op hypoxische prikkeling. De ventilatie respons curven op de 
PCO2 bij hypoxic tijdens hypothermie vertonen hierdoor een lichte helling en 
het adem-minuut-volume neemt toe met toename van de hypoxische prikke-
ling, onafhankelijk van de toename van de PCO2· ^ ' ι gelijkt enigszins op het 
vlakke deel van de Р с о г 4 6 5 ? 0 1 1 5 curve in hypoxic bij de mens. Door grafische 
analyse van de twee P c o 2 ' v e n t * l a t ' e respons curven gedurende normothermie 
en hypothermie bij verschillende constante Pc^-waarden werd aangetoond, 
dat de P c o 2 ' ^ r e m P e l v o o r de ventilatie daalde naarmate de P02 afnam, het­
geen de voorgaande resultaten bevestigde. De Рсо2*^ г е т Р е 1 v o o r bet adem­
halingssysteem werd geïnterpreteerd als een centraal mechanisme bij dieren, 
maar of het bij de mens een centraal of een perifeer mechanisme is blijft 
onzeker. 
In metabole alkalose is de ventilatie respons curve op de PCO2 v a n 
dieren bij een constante P02 van ongeveer 50 mm Hg gelijk aan de respons 
curve bij hyperoxie in metabole acidóse, dat wil zeggen de regulatie van de 
ventilatie is sterker afhankelijk van de Рсог ^311 v a n ^ 6 ^ + · ' n m etabole 
acidóse is er een potentiéring van de hypoxic met H+ maar niet met de Рсси· 
Dit betekent dat in metabole acidóse de regulatie van de ventilatie veel meer 
afhankelijk is van de H+ dan van de Рсог- ^ conclusie is, dat potentiéring 
van hypoxie met H+ geschiedt op het niveau van de perifere chemoreceptoren 
(Natsui, 1970). 
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The main function of the respiratory regulation is to supply adequate oxygen 
to the tissues and to remove excess carbon dioxide from them This is carried 
out by ventilation, the movement of air into and out of the lungs The 
respiratory system is regulated so as to maintain the ventilation at an appro-
pnate level. There are two groups of stimuli affecting respiration neural and 
chemical The present thesis is concerned only with the chemical regulation of 
respiration at rest and at sea level The physiological chemical stimuli in the 
arterial blood are carbon dioxide tension (Рсог)' hydrogen ion concentration 
( [H+] ) and oxygen tension (P02)· 
Chapter I is a review of the historical background in chemical regulation 
of respiration. Three papers published in journals are presented in Chapter II 
Discussion in Chapter III is concerned with the three papers presented in 
Chapter II and involves, m sections 1-3, a further comprehensive analysis of 
the data obtained in these papers. The references in this Chapter were limited 
since most of the bibliography has been included in the original papers of 
Chapter II. 
The early parts of the present thesis were carried out in the Department 
of Physiology (Head. Prof Dr. K. Saito), Kanazawa University, Japan and the 
remaining parts were performed in the Department of Physiology (Head 
Prof. Dr F.J.A. Kreuzer), University of Nijmegen, The Netherlands 
The author wishes to thank all members of both Departments of Physiology 
for their valuable contribution to this work In particular the author is greatly 
indebted to Assistant Prof. Dr. Y. Honda (Department of Physiology, Kana­
zawa University, Japan) for his invaluable advice, discussion and criticisms 




HISTORICAL DEVELOPMENT IN THE STUDY OF 
THE CHEMICAL REGULATION OF RESPIRATION 

"When one has survived a half-century, it becomes of inter­
est to compare points of view at the beginnning of such a 
period with those in which one's interest and activity are 
currently channeled. Besides the satisfaction which this 
may yield if it can be made to suggest that work with which 
one has been associated has contributed in some degree 
toward the truth, such a pursuit may possess the more 
general value of suggesting that one's investment of enthusi­
asm should not at any stage gain too great rigidity for, in 
another half-century or before, it is likely to be necessary 
to point out how inadequate currently accepted outlooks 
have become." 
By H.W. Magoun: The Waking Brain, 
Springfield: Ch. С Thomas 1958. 
The modem concept of the chemical regulation of respiration has been initi­
ated by the discovery of two kinds of chemoreceptors, the peripheral chemo-
receptors of Heymans (late 1920's) and the central chemoreceptors of 
Loeschcke (late 1950's). The former kind is particularly sensitive to lack of 
oxygen and the latter to hydrogen ions. 
Since Legallois' discovery (1812) of the respiratory center in the 
medulla oblongata many explanations for all deviations from normal respira­
tion have been attempted by one factor acting on the center, i.e., oxygen 
(Hooke, Rosenthal), carbon dioxide (Hall, Hermann, Miescher-Rüsch, 
Fredericq), and acids (Geppert and Zuntz). Pflüger (1868) demonstrated 
experimentally both hypercapnia and lack of oxygen as chemical stimuli to 
respiration, and acid was added later to these two factors by Walter (1877). 
However, the systematic study of these chemical stimuli started only at the 
beginning of this century. 
John Scott Haldane (1860-1936) was a pioneer in the study of the 
chemical regulation of respiration. He improved the quantitative methods of 
gas analysis and in 1905 he opened, in collaboration with Priestley, the possi-
bility to a systematic study of the chemical regulation of respiration by a 
simple method for sampling alveolar gas using the so-called Haldane-Priestley 
tube, "a piece of india-rubber tube... of about 1 inch diameter and 4 feet 
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long" fitted to a mouthpiece At the end of a normal inspiration the subject 
exhaled very deeply through the mouthpiece and immediately closed it with 
his tongue A sample of air for analysis was taken through a small hole near 
the mouthpiece Then the subject again expired very deeply at the end of 
normal expiration "The mean result of the analysis of one or more pairs of 
samples was taken as representing the men composition of the dry alveolar 
air". In this treatise, one of the most famous papers in respiratory physiology, 
these authors were the first to supply convincing evidence that "the regula-
tion of the rate of alveolar ventilation m breathing depends, under normal 
conditions, exclusively on the CO2 pressure in the respiratory centre" 
(Haldane and Pnestley, 1905) Although Haldane and his associates once 
believed that CO2 is the only factor for respiration, three years later they had 
to modify their conclusion, having observed a fall in alveolar CO2 pressure 
during hypoxic hyperpnea (Boycott and Haldane, 1908) and during exercise 
(Douglas and Haldane, 1909), they came to the conclusion that hypoxic 
hyperpnea is "probably due to the gradual formation, in consequence of 
insufficient oxygen supply, of lactic acid or other substances which have the 
same influence as CO2 on the respiratory centre, so that less CO2 is required 
to excite the centre". 
On the other hand, Hans Winterstein (1879-1963) in 1911 proposed a 
theory of ventilatory control which was later called "reaction theory". Ac-
cording to this theory, hyperpnea in O2 lack and CO2 excess could be refer-
red to a single factor, hydrogen ion concentration in the blood Although this 
theory was adapted to new available information, he insisted on his original 
view, H+ as the unique stimulus, for over fifty years until the end of his life 
Wmterstein's idea seemed to be supported in that time by abundant evidence 
of the acid-base chemistry of the blood supplied by Henderson, Hasselbalch 
and others. However, the "reaction theory" had to be modified by Winter-
stein himself who found that during hypoxic hyperpnea the artenal pH 
shifted not to the acidotic but to the alkalotic side (Wmterstem, 1915). He 
explained this by saying that "die 02-Mangel-Dyspnoe durch die Stoffwech-
selvorgange, nämlich durch die Ansammlung von Erstikkungsstoffen in den 
Atemzentren selbst ausgelost wird" and the alkaline shift is the result rather 
than the cause of changes in ventilation Consequently Wmterstem in 1921 
provided the first revision of the "reaction theory" by changing the site of 
stimulation from the blood to the inside of the respiratory center "Die 
chemische Regulierung der Lungenventdation erfolgt durch die in den Atem-
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Zentren herrschende Reaktion. ..Die Wasserstoffzahl in den Atemzentren 
hangt ab 1. von den in ihnen sich abspielenden Stoffwechselvorgangen, 2 von 
der Wasserstoffzahl des Blutes. Der Übergang abnormer Sauremengen in die 
Blutbahn (Acidosis) erzeugt eine hamatogene, die bei C^-Mangel m den Zen-
tren selbst stattfindende Saurebildung eine centrogene Hyperpnoe" (Winter-
stein, 1921). Two years later Gesell (1923) also proposed a theory known as 
"intracellular acidity" but its principle is the same as that of Winterstein In 
1920 Jacobs (1920 a,b) obtained conclusive evidence, in simple and beautiful 
experiments, that molecular CO2 passes readily across the cell membranes 
which are less permeable to HCO3" and H+. Jacobs' results were adpoted by 
Winterstein and Gesell as a proof that Рсог a c t s n o t directly but by virtue of 
the pH in the respiratory center 
It has been long assumed that the respiratory center in the medulla 
oblongata is directly stimulated by all chemical factors in the blood, Pco2' 
H+, and even low PQ,- "If ever there was a conviction firmly intrenched in 
physiology, it was the monopoly of the chemical control of breathing by the 
respiratory center. .It was a shaky foundation upon which all of us worked 
So when Heymans et al produced hyperpnea by a lack of oxygen or an excess 
of carbon dioxide confined to the aortic (1924-27) and carotid chemoceptors 
(1930-32), he gave to us a new outlook on respiration for which physiology is 
deeply indebted" (Gesell, 1939). The discovery of the peripheral chemo-
receptors by J.F. and С Heymans and associates represents a landmark in the 
physiology of respiration. Through this brilliant work it is now firmly estab­
lished that the hyperpnea due to hypoxia is brought about exclusively reflex-
ly through the penpheral chemoreceptors since hypoxia centrally depresses 
ventilation after denervation of these chemoreceptors, while the increase of 
CO2 or H+ acts in large part directly on the respiratory center. 
As far as hypoxic hyperpnea is concerned, the "reaction theory" seemed 
to be completely invalid by the discovery of chemoreflex drives. However 
Winterstein simply applied his theory also to the penpheral chemoreceptors 
by substituting the expression "glomerogenic" for "centrogenic" (Winter-
stein, 1949). One of the expenments leading to this idea was performed by 
Euler, Liljestrand and Zotterman (1939) who measured the action potentials 
in the sinus nerve and showed that lack of oxygen and carbon dioxide both 
stimulate the respiratory center reflexly through the carotid body. Further­
more they showed that the action potentials elicited by lack of oxygen and 
by carbon dioxide vanished suddenly after an intravenous injection of small 
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doses of ammonia and thus concluded that both stimuli act by increasing the 
hydrogen ions in the chemoreceptors The third "reaction theory" appeared 
in the following form "The effect of lack of oxygen is entirely reflex by way 
of the chemoreceptors, whose activity depends on the intracellular hydrogen-
-lon concentration in the glomus., so even after the discovery of chemoreflex 
drives in regulation of respiration, the Reaction Theory retains its ftill valid-
ity, with the replacement of centrogemc by glomerogemc excitation" (Winter-
stein, 1949). 
There are senous opponents against the "reaction theory" One of the 
strongest objections came from the results of Nielsen (1936) who observed in 
man that the increase of ventilation for a given fall in blood pH produced by 
injection of NH4CI solution was much smaller than that produced by inhala-
tion of CO2. According to him "der adäquate Reiz des Atemzentrums" is 
therefore not H+ but CO2 acting through "a specific action of CO2". This is 
known as the "CO2 theory" proposed originally by Haldane and Priestley 
(1905). 
Meanwhile a theory to eliminate the monism for regulation of respira-
tion was proposed by Gray (1946, 1950), the so-called "multiple factor 
theory". Gray examined carefully the numerous data in man from the litera-
ture and derived statistically a simple equation with regard to the chemical 
stimuli in artenal blood According to this theory Pco2' H+ and hypoxia act 
on ventilation independently and additively, and consequently the resulting 
ventilation is simply the algebraic sum of these effects. Soon after the "multi-
ple factor theory" was proposed, Nielsen and Smith (1952) were the first to 
show that Gray's theory was not applicable to the ventilatory response to 
Pc0 2 i n m a n during acute hypoxia. They found that an increase in alveolar 
Pco2 during hypoxia has practically no effect on ventilation up to a certain 
value of Pco2 (CO2 threshold) whereas a given increase in Рсог above the 
CO2 threshold has a powerful effect on ventilation which is larger than that in 
normal condition. These results clearly disagree with Gray's theory con­
cerning the algebraic sum of the partial effects although they agree with the 
theory in the sense that P Q , acts on ventilation independent of Рссь when 
Pco2 1S below its threshold That is, there is a hypoxic potentation with 
Pco2 above a certain value of Pc0 2' whereas below this value Pc0 2 d o e s n o t 
contribute to increase ventilation. Thus, the ventilatory response curve to 
Pco2 during hypoxia shows a characteristic shape which is sometimes called 
"hockey stick" or "dogleg". The results of Nielsen and Smith have been 
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amply confirmed by subsequent investigators for example, Lloyd, Jukes and 
Cunningham (1958), as well as Loeschcke and Gertz (1958). Nielsen and 
Smith (1952) also explained their results as opposed to the "reaction theory" 
by saying that "the alveolar Рсог c o u l d be increased over a wide range before 
the threshold value of CO2 was reached...without any effect on the pulmo­
nary ventilation although the increase in the CO2 pressure of the arterial 
blood irrigating the chemoreceptors was of the same magnitude. If the 
stimulus for the hypoxic hyperventilation is an increased acidity in the 
chemoreceptors, it must therefore be a question of very large increase in 
acidity". On the other hand Gray's theory for arterial PCO2 а п ^ H+ in non-
-hypoxic condition has been generally accepted on the basis of work in several 
laboratories; the Рсог а п ^ ^ + stimuli a c t independently and the resulting 
ventilation is simply the algebraic sum of these effects. Gray did not explain 
the cellular mechanisms of the chemical stimuli for respiration but our 
knowledge of the control of respiration is much indebted to Gray's theory 
since many of the advances in this field were brought about by the challenge 
of this theory during the past two decades. 
After the third form of the "reaction theory" was established, it was 
again found by Winterstein himself that the new form was still not sufficient 
to explain all known phenomena. In 1953 Winterstein and Gökhan found that 
an increase of ventilation produced by feeding NH4C1 to dogs was rather 
small compared to the large decrease in blood pH and explained this by their 
own observation of an alkaline shift of the CSF pH counteracting the stimula-
ting effect of the decrease in blood pH. 
This also explains the results obtained by Nielsen (1936). Furthermore they 
obtained the surprising result that after the chemoreceptors were removed, 
the decrease of the blood pH in NH CI acidosis had no effect at all on 
ventilation. This implies that "the exciting effect of the decrease in blood pH 
acts by chemoreceptors reflexes" and that "the barriers between blood and 
brain... between blood and Csf are identic, at least as far as the permeability 
for hydrogenions is concerned" (Winterstein and Gökhan, 1953). On the basis 
of these results, the fourth and latest formulation of the "reaction theory" 
was proposed in 1956. 
It may be summarized as follows (Winterstein, 1956): 1) the hydrogen ions 
can be effective "by exciting the glomus mechanism to reflex activity and by 
passing through the ion-impermeable barrier in the form of undissociated 
carbon dioxide and affecting the centers directly by means of the hydrogen 
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ions produced there", 2) hypoxic stimulus "comes about mtraglomerogemcal-
ly, in the sense that metabolic processes in the glomus cells themselves, de­
pending on the oxygen pressure, determine the pH of these structure, and 
thus magnitude of the chemoreceptor drive". 
Leusen (1950, 1954 a.b) was the first to show the effect of artificial 
changes in pH and Рссь of CSF on ventilation. It has long been assumed that 
the so-called medullary respiratory center is excited not only by afferent 
nerve impulses but also directly by the chemical stimuli. 
Chemosensitive areas outside the medullary center were directly demon­
strated by Loeschcke, Koepchen and Gertz in 1958 In anesthetized cats with 
denervated peripheral chemoreceptors, the fourth ventricle of the brain was 
perfused with isotonic bicarbonate buffers in which the pH and Pco2 w e r e 
varied independently. Acid shift of pH at constant Pco? i n ^ e perfusion 
fluid caused an increase, alkaline shift of pH caused a decrease of tidal volume 
whereas increase of Pco? a t constant pH was followed by slight diminution, 
decrease of Pco? by slight augmentation of tidal volume Furthermore they 
obtained the extraordinary result that acid buffer and HCl solution up to 10 
N applied to the floor of the fourth ventricle (considered as a location close 
to the respiratory center) have no effect on ventilation whereas injection of 
buffers and HCl solution into the lateral recessus of the fourth ventricle 
causes a change m ventilation. From these results they concluded that 
"hydrogen ions and not CO2 in cerebro-spinal fluid contribute to driving lung 
ventilation This is done not by action on the centers themselves but by 
action on a very superficial sensitive substrate in the region of the lateral 
recessus of the 4th ventricle and their neigbourhood" 
The existence of intracranial chemoreceptors was confirmed and extended 
subsequently (Loeschcke and Koepchen, 1958, a,b, Mitchell et al 1963, 
Loeschcke, 1965 b). Mitchell et al (1963) tned to localize the site of the 
intracranial chemoreceptors in anesthetized cats with vagus and carotid sinus 
nerve cut. They observed hyperpnea when pledgets saturated with artificial 
CSF containing high Pco? a n ^ ^ + w e r e aPPl i ed to an area on the ventro­
lateral surface of the medulla. The discovery of the central chemosensitive 
areas to hydrogen ions . "in vollster Übereinstimmung mit der Reaktions-
theorie" (Winterstein, 1961 b)... provided new fundamental knowledge about 
the chemical regulation of respiration. Winterstein summarized concisely as 
follows (Winterstein, 1961 a) "There no longer appears to be any need to 
assign to the respiratory center an exceptional portion, a proper central 
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chemical control of respiration does not necessarily exist The respiratory 
center is a center, like all the others of the central nervous system, the 
function of which consists in the integration and transmission of the innumer-
able afferent impulses coming from all parts of the body Among them are 
also the chemical excitations which, as all others, are conducted by nerve 
fivers, from the peripheral chemoreceptors of Heymans, especially sensitive to 
lack of oxygen, as well as from the intracranial chemoreceptors of Loeschcke, 
especially sensitive to H+-ions". 
The present outline of the historical development in the chemical regula-
tion of respiration was largely geared to the "reaction theory" for "Though 
Wmterstem contributed substantially to other fields. ., he maintained his 
interest in the regulation of respiration throughout the long span of his 
working life, and the list of his publications reads like a history of this field of 
physiology" (Loeschcke, 1965 b). 
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School of Medicine Kanazaua 
У \\ L I T R E and S T I C K N F ' Ì 1 0 ' state in then re\ ie\ \ that CO enhances the 
tolerance of the orRamsm to hypoxia by increasing cerchiai blood now and 
arterial oxygen tension Although a number of experiments h a \ e pie\iousl> 
been conducted on the Pco. effect on hypoxia toleiance, their results л с con 
flictinç e g , Нлі ι and H A L L 1 ' and SHOJI et a l k ' reported beneficial effects on 
human subjects on the other hand, O T I S et a l ' were unable to find such an 
advantage These investigations were pei formed bj adding CO to hypoxic 
air, and the tolerance to hvpoxia was evaluated b\ the effect on the loss of 
consciousness In this experiment the Po-\ent i la t ion lesponse curves at varying 
Pco levels vveie investigated with anesthetized dogs, and the Po at the peak 
ventilation in each response curve was taken as an indicator of the hypoxia 
tolerance 
MtTHODS 
^ і ч и one mondici dog^, u u e ua^d in the е ч р е ш п е ш ь The doR was ancallHMzecl 
\MLh aodium pentobaihita l m j e u e d (30 mg/kg initial do^e) intiamusLulai 1\ Additional 
dObLb of tne ^ame anesthetic (20 2т mg) were gi\cn in te imi t tent ly thiough a bianch 
of the lemoial \ein to keep a light but unifoim апечіЬема The t i a t h c a \\аь cannu 
lated in a supine position and connected to a l e s p u a t o i v \al\e After a conttol peuod 
the dog rebreathed an of 1-1 16 1 which was stoied in a Benedict Roth rebpirometei 
A b\ paas l o n t a i n i n g CO. absoibei was set in the leb ieath ing cucul i E x p e i i m e n t s 
weie performed in the folio» nig three diffeient series beries \ H\pocapnii. h\po\ ia 
S e n e s В Normocapnic hypoxia and b o n e s С Hjpercapnic h\poxia In s e n e s Л all 
of che expired air was intioduced into the b\ pass so that the e x p c n m e n t a l animal 
was Mibmiued to an mcieas ing degiee of hvpocapnia and Ь \ р о м а as the t ime lapsed 
In s u i e s В j K e o l a i P(.o У\со · v\as maintained a t a contiol level b\ adjusi ing the 
volumi, of the expnccl air to be intioduced into the bypass I h i s v\a& peifoimcd b\ 
monitoring an mfia ted CO analyzei ( В ь с к м н LB 1) In s e n e s С rcb iea th ing was 
conducted without intioducing the expired air to the In pass and thus h jpe icapnia 
was piodjced in increasing degiee with the development of hypoxia S e n e s Л and С 
were performed with most of dogs and series А В and С were pe i to imed on the 
Received for publ icruon bebruaiy 2Ì 1%") 
40 j 
]0() P e o F F F E C T HYPOXIA T O L F R W L I 
A 
remaining аоцъ 
\ent i la tor> minute volume was Cbtimaced fiom the п а и п к un respi iometei and 
txpreosed аь a ratio of observed venti lation to the contiol valut of ventilation (VR) 
A-, the level of alveolar Po P 4 0 \\аь gradually lowered by rebreathing, venti lation 
ι ureabed and reached a m a x i m u m at an extremel j low Po level Then the 
re->piiation began to decrease , giadual l} in noimocapnic and hv percapnic hvpoxia 
while rapidly in hypocapniL hypoxia I h u s the exper iment of hypocapnic hypoxia 
inevitably resulted in death of the animal unies-, some restorat ive measuies for the 
animals were immediately inst i tuted Lonsequentlv the expei iment had to be stopped 
when the ventilation Ьекап to decreaae The Ρ \o at max mum ventilation \аь defined 
?ь a cnl ica l point (C P ) for tolerance to hvpoxia Alveolai air was endndallv col 
lee led into a 2 ml oiled ¡л ι mge through a nai low ν inv 1 tube placed in the t iachea a i l 
was analyzed by the Scholander method Blood was drawn imo a syringe thiough an 
indwelling needle v\hich was in^eited into a branch of the fi_mui al arteiv l o p iev tn i 
g h c o l y s i s and blood clotting a dead space of the =v ringe wa^ filltd with hepaim 
iluonde solution (heparin 10 mg + fluonde 10 mg ml) The blond u^ed foi Hb cs t imaium 
was separatclv collected in a test tube containing a mix tu ic of div ammonium and 
potaasium oxalate The blood sample was used foi the follow mg d"lei minat ions pll 
bv a glass electiodc l ib bv evanment l ib method oxv gen cant m by the n a n o m e u i c 
method of \ \\ Ы "ι м and \ ь і і and arter ia l oxvgen prtasin,. P^o by lb Beekman 
j ,as analvzt i (Model Ш)) The, P J O analvzei vv as calibrated In ihe water cquihbia icd 
with the gas of known Po at body l e m p e r a t u i e \dmHiing that 1 gm ol Hb com 
bines with 134 ml of oxvgen the oxvgen capacitv of the blond was es t imated l iom 
its Hb concentration b iom the oxvgtn capacitv and c o n l u u of the a l i e n a i blood 
il¿> oxvgen saturat ion was calculated Both alveolai air and a i i^ i ia l blooo w t i e col 
lecttd just at the end of each one minute period dui ing which Iht vcnu l i i ion was 
measured successively Ίο economize the quantity of blood m one ьашріі іц oxygen 
sa lu ia t ion blood pH and oxygen picsstire wcie measured s e p a i a t e h wuh dilfeienl 
blood samples collected fiom the respective animals Contiol v^niilation ol each 
x p e n m e n t a l animal was m a i m a i n e d as cons tam as possible in all sei íes ot cxp nmeni 
bv injected the minimum necessa y amount of ancsthet i t Th is was also eonduued 
bv continuously r e f e n i n g to the P A C O level lead fiom an infia led CO a n i l w c i 
M St LTS 
The preliminary expenmenl showed that when repenting the ixpcnmcnt 
v\ith short interval in the same ceries, the magnitude rf ventilation deeteis td 
succesc iveh with a relatively small fluctuation of Рло at С Ρ a few mmHg 
Decreased ventilation at С Ρ was considered to be dut to the ι educed st nsi 
tivit> of the respiratory system to hypoxia, resulting from seveic hypoxia 
successively introduced Therefore, in the present experiments, a recovery 
period of about two hours was interposed between the successive e x p e i i m t n i s , 
during the first one hour of experiment the ventilation w is maintaintd 1 5 times 
as large as that in the resting period by administering oxygen air rich about 
60οο О through a positive pressure ventilator pump , during the second houi, 
the dog was subjected to spontaneous breathing of room air By this m e ' n s 
the Po ventilation response curve could be obtained reproduciblv without a 
significant change in the maximal ventilation and P\o at С Ρ If this procedure 
Oog Wíljhl, 
12 β к« 
40 60 во 100 
Fie 1 Po -\entilation response curve obtained from six dogs in three experimental 
series An arrow on each response curve shows the point of maximum ventilation, and 
this point іь defined as С Ρ (Critical Point). 
Δ Hypocapnic hvpoxia, Q Normocapnic hypoxia, φ Hypercapnic hypoxia 
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was not taken the inhalation of loom air for it least s i \ hour-should be requited 
10 attain a reco\e i \ of the sensi tni tv of the icspiratorv s>stem to the noimal 
le\el B\ apph т с the abo\e piocedure the чгіиепсе of ihc three different series 
of experiment could be perfonmci at w ill L^u ill\ however the present experi 
ment was conducted in the order of ьепеч \ В с nil С Each of those senes 
of experiments listed for 25 to 30 minutes 
Fie 1 shows the lebults obtained from ч \ doys each of which was „ub 
jected io the three ьспеь of experiments The \eniiJation l a n o was plotted 
agcinst the P \ ) Open t n t n g l e ' op^n eiicUs and bohd cueles repieaent the 
d^ta of expeumenta of ьепеь \ В and С r c ^ p e e m t h The aiiow on each 
response cur\c indicatcb the maximum ventilation ι e , С Ρ It is obvious 
that the Po \tnti lat ion response eut ' e u n d b to shilt to the right with an 
increasing P\Lc level and the magnitude of ventilation depends on the P \LÜ¿ 
level, ι e the higher the Р ч о tit- laigei is the ventilation at С Ρ Consequ 
ently, the magnitude of maximum vennlit ion is the largest in hypercapnic 
h>poxia and the smallest in h\ poeapnic h v p u x u the value of P\o¿ at С Ρ is 
the lowest m hv pocapmc hvpoxia and the highest m h>percapnic hypoxia 
The results of the expenments on six dogs were also summarized in TABLr 1, 
showing the Pvo and P\co level, and the λ R at С Ρ The VR at С Ρ in 
the table aie leprescntcd as peicentage of that obtained by the experiment 
normocapnia which is n k e n as 100% The average values of P^Q,, at С Ρ in 
six dogs weie 18 6 mmHg in the hvpocapnia scries 214 mmHg in the normo 
capnia series and 35 7 mmHg in the h^peicapma senes The figures in the 
^ V I L L 1 
PAO PACO and \ R at С Ρ in nvpocapmc iiormoidpnic and hypercapnic hvpoxia 
The VR obtained fiom the normocapnia зепеь uas taken as 100'^ Figuies on the 
bottom line show the a\erage \alues of PAO with b D ooiained from all of the pre 















P A O P A C O \ R 
mmHg m m H g 
13 6 17 9 63 9 
17 3 17 4 61 3 
19 2 18 6 66 9 
20 3 14 1 60 4 
18 7 15 6 66 7 
22 2 19 6 58 3 
18 6 17 2 62 9 
19 9 ± 3 49 (46) 
\ o r n i o c d p n i c 
H\ р о м а 
Pf 0 P A C O 
mmHg mmHg 
19 5 3 ^ 8 
24 6 3 1 3 
30 7 41 2 
24 1 36 3 
21 5 4 1 2 
26 0 12 6 
24 4 38 6 
23 6 ± 3 97 (э7) 
Hvpercapnic 
Ην poxia 
P A O P A C O VR 
mmHg mmHg % 
29 8 76 6 165 9 
39 6 63 7 125 6 
39 9 67 D 116 2 
45 0 75 3 131 4 
31 8 79 6 185 7 
28 0 78 0 139 7 
35 7 73 5 144 6 
32 6 = 6 64 (32) 
Γ N \ ГЫI J09 
bouom line aie the average аіиеь of Рло. with Ь D, obtained from all the 
experiments performed with 32-57 dogs 19 9_i_3 19mmHg in hypocapma series, 
¿3 6-3 97 mmHg in normocapnia series and 32 6 6 64 mmHg in h\percapnia 
series The numbers of the experiments pei formed are shown in parentheses 
It can be seen from Тлш ι 1 that P\o at С Ρ in h>percapnic hypoxia is more 
than 10 mmHg higher than that in hypocapnie hypoxia Ρ ко.· at С. Ρ can 
also be seen to be about 20 mmHg in hypocapnie hypoxia, and 80 mmHg in 
hypercapmc hypoxia 
TABLE 2 shows the Рдо and aitenal oxygen saturation at С Ρ obtained 
from six dogs in the hypocapnie and hypercapmc series The values of Рдог 
in this tabic except for the dog weighing 7 0 kg, show similar tendencies to 
those in TARLK 1 As seen from T \ n i r 2, despite of the marked difference 
^ver than 10 mmHg) of Р\о£, arterial ox>gen saturation at С Ρ in the two 
series did not differ significantly , ranging 20-25o¿ in both series The average 
1 \мі г 2 
Alveolar P o , Р л о . a " d artenal owgen ьпішаиоп Po at С Ρ in 
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saturation was 22 7 0 0 in the hvpocapnia experiment and 22 8°0 in the hyper 
capmc experiment Although the dog weighing 7 0 k g exhibited an espccialK 
high Ρ\o, le\el as cemprrtd to those in other dogs, the oxygen saturation was 
found to be 25 7°o and 20 4 ^ in both series From these results, the respirator\ 
depression obser\cd in the present experiment seems to be closely associated 
with the level of a l l ena i ox\gtn saturation which has decreased lower than a 
certain value at С Ρ 227%. in T\ni l · 2 
Т л в ы 3 shows tht results of Ρ\α. and Ρ
α
ο. at С Ρ obtained from four 
dogs in hypocapnic and hvpeicapmc hypoxia The alveolar arterial oxygen 
difference, A aDo_, at С Ρ was maintained approximately constant, and its 
mean value was 4 6 mmHg Po in both series of experiments 
DISCISSION 
РЛСОІ m hvpercapmc h\ poxin was 73 5 mmHg on an average T \ B I F 1 
It is generalis known mat Pco . at its high level, exerts narcotic effects on the 
respiratory system G R U estimated that the narcotic effects of CO became 
increasinglv pronounLtd when it is above 10°
σ
 in the inspired air From a 
rebreathing experiment in dogs, U E N O " recentlv reported that a peak of venti 
lation was observed at 80 100 mmHg PAU}» The narcotic effect obsened in his 
experiment was cxtremelv weak at a PACO, level of about 80 mmHg Therefore, 
it was assumed in tht present experiment that the depression of ventilation 
observed just aftei С Ρ in hvpeicapnic hypoxia was not due to the narcotic 
effect of P<\co¿ 
It is obvious that P \o . at С Ρ in hypoxia depends on P\eo¿ as seen from 
FIG 1 and T A B L E 1 The piesent experiment shows that CO., does not con 
tribute to increasing the tolerance to hvpoxia 
In spite of the maiked difference of PAO» at С Ρ between the two series, 
their oxygen saturation at С Ρ did not differ significantly average 22 70 t,, 
T A B I г 2 The differente in Рдог at С Ρ between the two series mentioned 
above could be explained by the Bohr effect on the oxygen dissociation curve 
At a given level of oxygen saturation, the higher the Рсог level, the higher 
the P02 level in hypercapmc hypoxia, the lower the Рсо
г
 level, the lower the 
P02 level in hypocapnic hypoxia 
From the value of a i t e n a l pH and PaO¿ obtained at С Ρ in hypocapnic 
and hypercapmc hypoxia, arterial oxygen saturation was calculated as follows, 
by adopting the coefficient of the Bohr effect 0 5 log Po ' J p H * and the oxygen 
dissociation cuive at pII7 4 reported in dogs1 
Mean art pH Mean P A o Mean So 
mmHg % 
Hypocapnic h\po\ia (12) 7 J8 14 5 about 25 
Hipercapmc h\ poxia (8) 7 07 32 8 about 27 5 
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In this calculation, Р^ Ог was inferred from Рдог by substracting A aDo,. '4 6 
mmHg, TABLF 3) Figures in the above parentheses represent the numbers of 
estimations The average value of oxygen saturation. So; %, calculated was 
about 25% in hypocapmc hypoxia and 27 5% in hypercapmc hypoxia These 
values are nearly equal with that experimentally obtained (TABLE 2 There 
fore, it has further been confirmed that an oxygen saturation of 20 25°(> 
experimentally obtained is in the critical level for depression of the respiratory 
b\stem of dogs Whether or not this saturation level is associated with the 
loss of consciousness used as an indicator for the human experiment is not 
possible to estimate However, the present experiment suggests that the 
minimum amount of O,, required to sustain the activity of the respiratory 
system is mainly determined by the oxygen saturation of the artet ia! blood 
rather than by Расъ 
SUMM \ т 
The Рог-ventilation response curves in acute hypoxia, obtained by the 
rebreathing method in dogs, were determined in three series, hjpocapmc 
hypoxia normocapnic h\poxia and hypercapmc hypoxia The alveolar Po at 
maximum ventilation was taken as a critical point (С P) for the tolerance 
to hypoxia 
1 The average values of Рлсг at С Ρ were 19 9 +3 49 mmHg during tivpo 
capnic hypoxia 236' + 397 mmHg during normocapnic h>poxia and 32 6 (±6 64 
mmHg during hypercapmc hypoxia 
2 In spite of a marked difference in alveolar Рог. arterial oxygen saturation 
at С Ρ in hypocapmc hypoxia and hypercapmc hypoxia uas of a similar 
magnitude, and remained at 20 to 25% (an average 22 7%1 It seems most 
probable that a depression of respiration does not occur as long as the arterial 
oxygen saturation is above 22 7% 
3 The author explained these differences in PAO? at С Ρ through the three 
series of experiments as due to the Bohr effect 
T h e author wishes to thank to Dr К S M T O for his adwee to H Y A C H I for his 
valuable technical ass i s tance throughout th is experiment and to Dr 'V H O N D A for his 
criticism and reading the manuscr ipt 
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RESPIRATORY RESPONSE TO HYPOXIA WITH HYPOCAPNIA OR 
NORMOCAPNIA AND TO C0 2 IN HYPOTHERMIC DOGS1 
T. NATSUI2 
Department of Physiology, School of Medicine, Kanazana Unuersity, Kanazaaa, Japan 
Abstract. The effects of hypothermia on the ventilatory response to hypoxia and hypercapnia were 
studied in anesthetized dogs by a rebrealhing method The ventilatory response to hypoxia was 
determined at two levels of PACO ' with COs kept at control level and with CO2 allowed to decrease 
Experiments in hypothermia were conducted at about 10 UC below normothermia (mean body tem-
perature· 27 9 C), a temperature selected to give an air-breathing ventilation equal to that found 
in normothermia At this temperature, gentle shivering occurred 
The sensitivity to CO2 without hypoxia was remarkably depressed in hypothermia The ventilatory 
response to hypoxia with CO2 kept at control level was also depressed and essentially the same as 
that with CO2 allowed to decrease during normothermia or hypothermia 
It is concluded that 1) the sensitivity of the central chemoreceptors to CO2 is mainly depressed 
during hypothermia; 2) hypothermia does not have much effect on ihe function of the peripheral 
chemoreceptors. 
Control of breathing Ventilatory response to CO2 
Respiration in hypothermia Ventilatory response to hypoxia 
The results of previous investigations concerning the sensitivity of the respiratory 
system to COj during hypothermia are contradictory. CRANSTON, PEPPER and Ross 
(1955) found no significant decrease in the response in inhalation of 6°,, CO2 in air 
at 25-27 0C as compared to normothermia in dogs, whereas KILMORE and CHASE 
(1962) reported a decreased response in hypercapnia in dogs with a body temperature 
of about 30 0C. The ventilatory minute volumes during air-breathing in hypothermia 
were only 46"0 (CRANSTON et al., 1955) and 65",, (K.ILMORE and CHASE, 1962) of the 
control value in normothermia in these studies. 
The establishment of the reference level of ventilation during air-breathing is a 
Accepted /or publication 15 February 1969. 
1
 This work was supported in part by a grant-in-aid for Fundamental Scientific Research from the 
Japanese Ministry of Education 
- Present address: Department of Physiology, Facul'y of Medicine, University of Nijmegen, 
Nijmegen, The Netherlands 
188 
RrSPIRATORY RESPONSE TO HYPOXIA AND C 0 2 IN HYPOTHERMIA 189 
majoi problem ІГа lightly anesthetized animal is cooled, the ventilation may increase 
due to shivering and then decrease with further lowering of body temperature Thus 
the same sentilalory mmule \olume may be obtained at a certain temperature during 
progrc-iSivc hypothermia as during air-breathing before cooling Administration 
of anesthetic sufTiuent to prevent shivering during cooling will decrease the spon­
taneous ventilation during air-breathing in progressive hypothermia but the influence 
of the anesthetic mav become important, possibly accentuated by (he narcotic effect 
ol h\pothcrmia The data of SALZANO and HALL (I960) indicated that the ventilatory 
minute volume during air-breathing in hypothermia of 27-28 "С was only 37",, of 
the contiol value in normothermia Thev found that the response to C 0 2 during 
hypothermia and normothermia was essentially the same only when their ventilatory 
minine volumes during inhalation of CO2 were expressed as ratios to the ventilation 
in au-breathingat the respective thermal level although the absolute CO2 sensitivity 
was depressed during hypothermia However, UlNO (1964) demonstrated in lightly 
anesthcti/ed dogs that the ventilatory response to CO, in air gradually diminished 
with progressive hypothermia, the slope becoming zero at a body temperature of 
about 26 С 
Very little is known concerning the ventilatory response to hypoxia during hypo­
thermia TIR/IOCLL ci al (1961) found in anesthetized dogs (hat the ventilatory 
response to inhalation of 10" , Oj in N 2 persisted down to a body temperature of 
25 S С SALZANO and HALL (1961) repoited that the hypothermic dog (28 Ό 
retained the response to hypoxia (produced by inhalation of 9"„ O2 in N,) through 
stimulation of the peripheral chemoreceptors 
The present investigation was performed in order to examine the ventilatory 
response to CO, and hypoxia during hypothermia The results indicate that the 
sensitivity of the central chemoreceptors to CO2 was markedly depressed at a mean 
body temperature of 27 9 С with slight alteration in the response to hypoxic stimu­
lation of peripheral chemoreceptors. 
Methods 
Mongrel dogs of 8-17 kg were anesthetized with intramuscular sodium pentobarbital 
(30 mg,kg) and maintained by intermittent injection of small intravenous doses 
(I 5-2 5 mg/kg) After the onset of cooling, however, no further anesthetic was given 
because the narcotic effect of hypothermia itself might be superimposed on the depth 
of anesthesia 
The outline of the experimental setup is schematically shown in fig 1. After 
tracheotomy a cuffed intratracheal tube was inserted into the trachea in the supine 
position and connected to a respiratory valve End-tidal air was collected into a 
syringe within one minute through a thin vinyl tube placed in the trachea and was 
analyzed with the Scholander micro gas analyzer The end-tidal CO2 pressure 
( P A C O ) was continuously recorded with an infrared CO2 analyzer by sampling from 
another thin endotracheal tube. Ventilatory minute volume was measured from the 
inspiratory (instead of expiratory) reading on a respirometer and the values were 
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- — Respiratory Valve 
-££^=0 Alv Gos Sampling 
Infrared CO? Analyzer 
Fig 1 Schematic diagram of experimental setup 
converted to DTPS The ventilatory volume measured when the dogs inspired air 
from the respiromeler and expired to the outside served as the control value for every 
type of experiment The dogs started rebreathing air in a closed circuit from an 
initial volume of 10-16 litres Ventilatory minute volumes were expressed as ventila­
tion ratios (V R.) of observed ventilation to control ventilation at whatever tempera­
ture was being studied. 
Three types of rebreathing were performed as follows 
A) Hypocapnic hypoxia, P A C 0 2 was allowed to decrease with increasing degree of 
hypoxia by passing all expired air through a bypass containing COj absorber 
B) Normocapnic hypoxia, P A C 0 2 was maintained at control level by adjusting the 
volume of the expired air to be introduced into the bypass while alveolar Ρ
θ 2 ( P A 0 2 ) 
decreased, by monitoring with an infrared CO2 analyzer 
C) Hypercapnia without hypoxia, rebreathing was started at a high percentage of 
oxygen (5O-70o/
o
) without using the bypass When the PA C 0 : ! reached approximately 
80-100 mm Hg, rebreathing was stopped. It was verified that the oxygen percentage 
of the closed circuit was at least 2Γ , 0 at the end of each experiment End-tidal air 
was analyzed only for P A C 0 2 
Each type of experiment lasted 25-50 mm When ventilation began to decrease in 
severe hypoxia, rebreathing was stopped immediately Otherwise certain restoring 
measures would have been necessary to recovery the sensitivity of respiratory system 
to normal reactivity (NATSUI, 1965). The sequence of the three types of rebreathing 
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could be performed at will without apparent alteration in the response to hypoxia 
or hvpercapnia However, rebreathing runs in present experiment were usually 
conducted in the order of types В A and С and at least 20 mm were allowed lor 
recovery between them, which was ascertained by observing PA C O and ventilation 
in air-breathing A minimum amount of anesthetic if neeessai\ was injected to 
maintain control ventilation (but not in hypothermia) 
After all estimations were performed in normothermia the dog in (he supine 
position at approximately a 10 degree angle with the operation table (head up) was 
cooled by immersion in an ice-water bath to a depth below the level of the tracheal 
tube Body temperature was measured with an electro-thermometer inserted into the 
rectum to a depth of 15 cm Cooling rale was 8-10 С hr The temperature ol the 
dog in normothermia was referred to as Tl On cooling marked shivering was always 
observed which resulted in a rise of ventilation Ventilation was maximum at 33 35 C. 
then decreased with lowering of bod\ temperature and, at about 10 С below normo­
thermia was empirically found to be approximately the same as the control value 
ol ventilation in normothermia The ventilatory minute volume in air-breathing was 
adjusted to be as equal as possible to the control value of normothermia by continuing 
the action of ice-water or by adding hot water instead respectively Body temperature 
during rebreathing could be kept within a range of 0 2-0 3 "С The temperature of 
the dog in this condition was referred to as T2, where slight shivering was observed 
The dog was in the same position at Tj as at ^ and the actual ventilatory measure­
ments at T, were performed in the animal with its thorax out of the water In some 
dogb body temperature was decreased to below T 2 , this temperature was referred 
to as T 3 The three types of experiments described above were done at body tem­
peratures of Tj and T2 but for Tj only two tvpes (A and C) were performed In a 
few experiments with T 2, a NaHCOj (10 ,) solution was given through the femoral 
\cin in order to evaluate the [H + ] drive to ventilation in air-breathing A blood sample 
was drawn into a svnnge from the femoral artery to measure immediately the pH 
by using a glass electrode (SAITO and HONDA, 1955) at 37 C,the reading being correct­
ed to body temperature In some other experiments it was attempted to ascertain 
the threshold P c o ¡ of the respiratory system by observing phrenic nerve discharges 
during air-breathing at T2 The details of recording phrenic nerve discharges and the 
procedure to detect the threshold PACO ha\ e been described in previous papers (HONDA 
eia/ 1962 NATSUI and HONDA 1963) 
Results 
At T2 gentle shivering was always observed during the present experiments and 
seemed to be slightly increased during inspiration This shivering, however, dis-
appeared at T, 
Table 1 shows the mean values with standard deviations of the parameters measured 
during air-breathing in normothermia (mean body temperature 37 7 C) and hypo-
thermia (mean body temperature 27 9 °C) Thus mean body temperature at T2 was 
9 8 С lower than at ^  There were no significant differences between the respiratory 
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TABLE 1 













Mean ± S D (N = 15) 37 7 ± 0 69 1 5 9 л = 3 8 9 2 6 3 1 0 4 6 
Hypothermia (Та) 
Mean ± S D (N - 18) 2 7 9 ± 1 1 0 1 3 4 ± 2 4 6 258 + 0 4 6 
399 ± 3 19 101 4 τ 4 05 
383
 =
 288 103 6 _ 6 41 
N = number of experiments 
TABLE 2 
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values at T , versus T 2 ) although at T 2 respiratory frequency and P A C O J were slightly 
lower and P A 0 2 slightly higher than at T , . 
Table 2 shows the results of experiments in 3 dogs given a solution of N a H C O , 
during air-breathing at T j The values of ventilation and arterial pH listed in this 
table are mean values obtained 10-20 mm after a NaHCOs infusion of 10 mm. The 
values of [H + ] decreased by 20-30 χ 1 0 " 9 moles/liter The decreased ventilation ratios 
expected in normothermia were calculated from the changes of observed arterial 
hydrogen ion (Д R = 0 071Δ[Η + ], according to SAITO, H O N D A and HASUMURA, 
1960) and compared with the observed values (last two columns of table 2). The 
changes of ventilation ratios observed and calculated were, on the average, + 5 2 
( - 2 0 to + 18%) and —62 6"'0, respectively. These results indicate that the ventilation 
during air-breathing at T j was barely influenced by changes m [ Н ^ ] . On the other 
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Fig. 2. Ventilatory responses to hypoxia during normothermia and hypothermia. Mean body tem­
perature is indicated in parenthesis on each curve о : PACO2 allowed to decrease (A) in normothermia 
(Tj) 0 . PACO2 kept at control level (B) in normothermia (Τι) Δ' PACO2 allowed to decrease (A) in 
hypothermia (Тг) • PACO kept at control level (B) in hypothermia (Ts) 
hand, phrenic nerve discharges were discernible even at a P A C O ¡ of 5-6 mm Hg 
achieved by artificial ventilation during hypothermia. 
The results of type A (COj allowed to decrease) and В {C02 kept at control value) 
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Fig 3 Ventilatory responses to hypoxia (ІеП) and hypercapma CC right) in normothermu (T,) 
and hypothermia (Тг and Ti) Τι body temperature is further lowered below Тг Symbol Χ) 
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(V R ) is plotted against P A 0 , In type B, mean values of PAco,with Standard deviation 
are shown in this figure The three upper curves show the ventilatory response to 
hypoxia with type A at Ti and T 2 in 3 dogs The three middle curves show the ven­
tilatory response to hypoxia with type В at T, and T 2 and with type A at Tj in 3 dogs 
The three lower curves show the ventilatory response to hypoxia with type A at T, 
and T 2 and with type В at T, and T 2 in 3 dogs The response curves to hypoxia were 
much steeper in T^B than in any other case However, the responses to hypoxia in 
T^A, T2-A, and T2-B were seen to be essentially the same in the range from normoxia 
to hypoxia (down to a PA 0 2 of about 40 mm Hg), indicating that the response to 
hypoxia is independent of the PA.COI value in hypothermia In the severely hypoxic 
region of T2-A ( P A 0 2 lower than 40 mm Hg), the response was slightly less pronounced 
than that of Τ,-Α 
The upper left hand part of fig 3 shows the results obtained in 3 dogs for Τ,-Α 
and T2-A with V R plotted against PA 0 , , and the right hand part shows the results 
in the same dogs for Τ,-C and Tj-C (hypercapnia without hypoxia) with V R 
plotted against PAC 0 ;, The ventilatory responses to hypoxia in Τ,-Α and T2-A were 
qualitatively the same as the results of fig 2 However, the response to C 0 2 was 
quite different between T! and T 2 , the response curve to C 0 2 in normothermia were 
much steeper than those in hypothermia, indicating that the C 0 2 drive was markedly 
suppressed during hypothermia Although the response to C 0 2 was clearly observable 
at P A C 0 2 values of about 60-80 mm Hg, it was not well discernible in the normal or 
. 1 : . 1 ι 1 ^ 1 1 1 
20 40 60 80 100 120 20 40 60 80 100 120 
P A 0 ( r im Hg) P A 0 ( m m Hg) 
Fig 4 A family of the ventilatory responses to hypoxia with PACO2 allowed to decrease during normo­
thermia (left) and hypothermia (right), obtained from exp 4-38 and exp 4-30, respectively Responses 
to hypoxia in exp 36 and 37 during normothermia were particularly pronounced 
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Fig 5 Relationship between PAC<>2 from the control and the graded PAO , obtained in normothermia 
( o) and hypothermia ( · ) 
slightly increased range of PAC 0 2 . The lower left hand part of fig. 3 shows the results 
obtained in 3 dogs forT^Aand T^-A, and the right hand part shows the results in the 
same dogs for Tj-C and T3-C. In Tj, as described in Methods, the body temperature 
was further reduced to obtain lower ventilation in air-breathing than at Ti or T2. 
During hypothermia (mean body temperature at T3·. 25.7 0C in 3 dogs) the mean 
values of ventilatory minute volume in air-breathing decreased to 40.7% of its control 
value in normothermia. At this body temperature PAC 0 2 in air-breathing increased 
by a mean of 8.6 mm Hg from its value in normothermia, but significant changes 
in PA02 were not observed. Mean respiratory frequency decreased to only 4.8 as 
against 13.0 in normothermia. TheCOj drive disappeared completely at T3. However, 
the response to severe hypoxia still existed at T3, although it was reduced as compared 
to the results in TVA and T2-A of fig. 2. Note that the hypoxic response is expressed 
as V.R.; the absolute change in ventilatory response was some 60"ό lower still. 
Figure 4 shows a family of ventilatory responses to hypoxia obtained at TVA 
(left) and Tj-A (right). The figures on the response curves identify individual experi­
ments. All points of P A 0 2 in one curve were connected by a solid line, except those of 
exp. 36 and 37 in Ti-Α which were connected by a dashed line (because these two 
curves were much steeper than the others). As a rule, the response curves to hypoxia 
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Fig 6 Relationship between respiratory frequency and tidal volume, which are expressed as ratios 
(f R , V R , respectively) of observed to control values N in parentheses means number of measure 
ments For terminology see figs 2 and 3 
below a Р А 0 І of about 40 mm Hg were slightly less steep during hypothermia than 
during normothermia. 
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Figure 5 shows the relationship between P A C O , and P A 0 2 obtained from experiments 
on the respiratory response to hypoxia with CO2 allowed to decrease (type A) Open 
and closed circles represent the results of normothermia ( T J and hypothermia (Tj), 
respectively. The slightly decreased response to severe hypoxia during hypothermia 
(fig. 4) would result in a smaller decrement of P A C 0 : ¡ in fig. 5 as compared with normo-
thermia Carbon dioxide output (VC02 ml/mm STPD) at Tj-A and Tj-A, which was 
roughly estimated from the mean values of P A C 0 2 and Vi (from 9 to 12 dogs) in a 
P A 0 2 of every 10 mm Hg from normoxia to severe hypoxia, showed the same tendency 
as the results of V.R. in fig 4, i.e , VC02 was 120 ml/mm at ΤΊ versus 115 ml/min at 
T2 in air-breathing, and increased with the lowering of P A 0 2 at both temperatures 
although the absolute value of V
c 0 2 was slightly lower at T j than at Ti below a P A 0 2 
of about 40 mm Hg. 
Figure 6 shows the relationship between respiratory frequency and tidal volume 
(expressed as ratios of observed to control values) in three types of experiment (A, 
B, and C) during normothermia (left) and nypothermia (right). These values were 
obtained from the experiments in figs. 2 and 3. Although there is a considerable 
scatter, there does not seem to exist any striking differences in ventilatory pattern 
between the respective situations (Ti against Tj) . 
Discussion 
The present experiments showed that the C 0 2 sensitivity of the respiratory system 
was greatly reduced during hypothermia (fig. 3). It is a question whether the same 
temperature corrections for pH, Рсог> an^ Po 2
 a s
 do physical chemists are applicable 
to physiological receptors during hypothermia, the matters, however, are still open. 
Acidosis due to increased CO2 solubility during hypothermia might stimulate respira­
tion but our experiments (table 2) showed that the respiration with air-breathing 
during hypothermia was barely influenced by changes in [H + ]. Since it is generally 
accepted that there is only a minor oxygen drive acting in normoxia, none of the 
common chemical drives could adequately explain the maintenance of ventilation 
during air-breathing in hypothermia, as also concluded by TERZIOGLU, G O K H A N and 
ALTINKAPI (1959) However, during air-breathing at T j the phrenic nerve discharges 
were discernible even at P A C 0 2 of 5-6 mm Hg with artificial hyperventilation here 
whereas they were found to disappear in normothermia with artificial hyperventilation 
during metabolic acidosis ( H O N D A et al., 1962) and during severe hypoxia ( H O N D A 
et al., 1963). Therefoie ventilation must be maintained by some other stimulus or 
stimuli elicited by lowering the body temperature. At rest there is a background of 
"non-specific" neural drive in awake subject ( F I N K et al., 1963), and neural drives 
from movement detectors in muscle during shivering stimulate respiration (CABANAC 
et al., 1964), if these are same as the ordinary exercise receptors, their effects would 
be unaffected by the common chemical stimuli (DEJOURS et al., 1960, LEFRANÇOIS 
and DEJOURS, 1964; CUNNINGHAM, LLOYD and SPURR, 1966). According to UENO 
(1964), the respiratory sensitivity to CO2 decreased with lowering of the body tem-
perature, even at 32-35 °C where ventilation during air-breathing showed a peak 
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with marked shivering in the course of cooling Thus, it might be likely that at Tj, 
control ventilation is largely driven by gentle shivering, which was much reduced by 
the carefully adjusted hypothermia employed, and abolished by further reduction of 
temperature to Т} 
The respiratory regulation system is generally considered as being composed of a 
respiratory center, a central chemoreceptor area, and peripheral chemoreceptors, 
/ е.. the respiratory center only receives afferent impulses from the central chemo­
receptor area and the peripheral chemoreceptors, which are stimulated by chemical 
factors of the CSF or of the blood, respectively. It is generally accepted that the ven­
tilatory response to C 0 2 at normal temperature is mainly effected by central action 
of C 0 2 since the peripheral chemoreceptors are rather insensitive to small alteration 
i n
 Pcoj (HORNBEIN and Rooi, 1963) and denervation of these receptors does not 
have much effect on the response to CO2 (GEMMILL and REEVES, 1933) Therefore 
the markedly depressed response to CO2 without hypoxia during hypothermia (fig 3) 
may be presumed to be mostly of central origin. 
Although the response to CO2 was markedly depressed during hypothermia (T2 - C, 
fig 3), it might be that a higher P A 0 I during rebreathing in hypothermia with lower 
ventilation might dull the response of the peripheral chemoreceptors to CO2, at 
least in the beginning of rebreathing However, UFNO (1964), using the rebreathing 
method with high oxygen (70-80"
u
), also reported that the slope of the response to 
CO2 decreased considerably during hypothermia (27.5-29.0 0C), and confirmed 
qualitatively the reliability of these results by the inhalation of 5.81% CO2 in air 
during normothermia (37 °C) and hypothermia (27 and 28 CC). Thus, in the present 
investigation, the results concerning the respiratory response to CO2 may be explained 
in major pan by the decreased ventilatory sensitivity to CO2 in the central chemo­
receptors during hypothermia. 
The ventilatory response to CO2 completely disappeared in deep hypothermia (T3 
below T2, fig. 3). CRANSTON el al. (1955) studied the ventilatory effects of inhalation 
of 6% CO2 m air in anesthetized dogs at 25-27 0 C and found that the mean increase 
of the respiratory minute volume was not different during hypothermia as compared 
to normothermia. This is at variance with the present results as well as with those 
of UENO (1964) who demonstrated in lightly anesthetized dogs that the slope of the 
response to CO2 gradually decreased with progressive hypothermia and became zero 
at a body temperature of about 26 0C. On the other hand, TERZIOGLU et al. (1961) 
showed that the respiratory system of the dog responded adequately to hypoxia 
during hypothermia down to a body temperature of 25.5 0C. 
In the present investigations, the results were discussed referring to the rectal 
temperature as the central temperature. The temperature differences between rectum 
and blood would be negligible during hypothermia except during cooling (STUPFEL 
and SEVERINGHAUS, 1956). However, it might be that the brain temperature is slightly 
higher than the rectal temperature. In this case, the extent of the decrease of response 
of the central chemoreceptors to COj would be underestimated when referring to 
the observed temperature (Т2-С and T3-C in fig. 3). 
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In normothermia the slope of the response was much steeper with PA C O : ¡ kept at 
control level (Τ,-Β) than with P A C 0 2 allowed to decrease (Т^-А) whereas in hypo­
thermia the response to hypoxia was the same in both situations (Tj-B as against 
T2-A, fig. 2) and equal to T^-A above a P A 0 2 of about 40 mm Hg (fig. 4), which 
indicates that the ventilatory response to hypoxia seems to be independent of the 
level of PACO, (hypocapmc or normocapnic) in hypothermia. It may well be that the 
peripheral chemoreceptors were also depressed during hypothermia (T 2 ) though only 
slightly. This postulate might explain why the ventilatory response to hypoxia was 
the same in T 2 -A and Tj-B, i.e , that a variation in P A C 0 2 may not affect the ventilatory 
response of the depressed peripheral chemoreceptors to hypoxia, although there is 
clear evidence for the interaction of O2 and CO2 at the level of the chemoreceptors 
in normothermia (EYZAGUIRRF and LEWIN, 1961, HORNBEIN, G R I F F O and Roos, 1961). 
If the peripheral chemoreceptors were markedly depressed during hypothermia, the 
slopes of the ventilatory response to hypoxia would be considerably less sleep in T2-A 
than in Τ,-Α. which is contrary to the observed results although there was the slightly 
decreased response to severe hypoxia (below а Р А 0 І of about 40 mm Hg) during 
hypothermia. With further reduction of temperature to T3, the clearly decreased 
response to hypoxia (fig. 3) would be due to considerably depressed refiex action. 
NASHAT AND N E I L (1955) reported that inhalation of 5"„ O2 in N2 caused a marked 
increase of chemoreceptor potentials at 26 ~C (blood cooling in cats) although systemic 
response to this gas mixture led to respiratory failure. This indicates that the peripheral 
chemoreceptors adequately retained the response to hypoxia at 26 0 C in the presence 
of central depression. TPRZIOGLU el al. (1961) showed that the respiratory system of 
the dog responded adequately to hypoxia during hypothermia down to a body 
temperature of 25.5 ' 'C. Therefore it is reasonable to conclude that the ventilatory 
response to hypoxia during hypothermia appears to be maintained mainly by the 
reflexogenic drive from the peripheral chemoreceptors (SALZANO and HALL, 1961), 
and the central chemoreceptor area would be independent of the pathway of the 
respiratory reflexes. This selective effect of hypothermia on the respiratory system 
has also been suggested by KILMORE and CHASE (1962) and is similar to that reported 
for anesthetic agents (VON ELLER and SODERDERG, 1952). 
Recently, LOESCHCKE el al. (1963) reported the intracranial interaction of P A C 0 2 
with electrical stimulation of the carotid sinus nerve. On the other hand, PERKINS 
(1968) gave evidence for addition of peripheral chemoreceptor drive and central 
hypercapma. In the light of the near-normal response to hypoxia with the virtual 
absence of CO2 drive during hypothermia (T 2 ) , the present results might be explained 
on the basis of lack of central interaction. 
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Summary Experiments were earned out in 12 dogs anesthetized ν ith halothane 
of constant alveolar concentration (mean. 0.890/о) The ventilatory response to 
arterial Рсо
г
 with hyperoxia was determined in metabolic acidosis (by infusion of 
0.5 N HCl solution). The ventilatory response to arterial P c o , with constant 
hypoxia (about 50 mm Hg arterial Poa) w a 4 determined in both metabolic acidosis 
and alkalosis (by infusion of 1 M NaHCOa solution) 
The arterial H+-ventilation response curve was obtained at different constant 
levels of Pcoa by simultaneous analysis of the PcOj-H"1 diagram and the Рсог" 
vcntilation response curve. Ventilation m hyperoxia was largely dependent on 
Pcoa if acid-base balance was near normal, but became independent of I'coz and 
dependent on arterial H·1" as this increased I t was postulated that this was part ly 
due to the negative interaction between P c o , and H + . The H+-vciitilation response 
curves showed the same pattern in hypoxia, but only on the alkalotic side. How­
ever, with hypoxia in the range of normal to aeidotic condition, control of ven­
tilation was mainly dependent on H+ and independent of P c o , ; this implies an 
interaction between hypoxia and H+ at the peripheral chemoreceptors 
Key-Words Ventilatory Response to H + — Ventilatory Response to C 0 2 — 
Acid-base Displacement — Hypoxic Potentiation with H + — Halothane Anesthesia. 
Schlüsselwörter Vcntilationsantwort auf H+ — VentilationsanUvort auf C0 2 — 
Saure-Basen-Verschiebung — Hypoxische Poten'/ierung mit H + — Halothan-
narkose. 
Most investigators use Gray's additive theory (1950) to explain the 
action of C02 and H + as respiratory stimuli in non-hypoxic condition 
(Lambertsen et al., 1958; Lerche et al., 1960; Katsaros et al., 1960; 
Domizi, Perkins, and Byrne, 1959, Saito, Honda, and Hasumura, 1960). 
On the other hand, Hamilton and Вгол п (1964) found a negative inter­
action between these chemical stimuli in unanesthetized and anesthe­
tized dogs. 
Most animal experiments in respiratory studies have been performed 
using intravenous anesthetics. Particularly in experiments with metabolic 
displacement of the acid-base condition, it is uncertain whether the 
depth of anesthesia was constant throughout the experiment. The use 
of volatile anesthetics, instead of intravenous agents, makes it possible 
Respiratory Response to H+ at Constant Peo, 35 
to quantify the level of anesthesia. The present experiments were 
performed in dogs under constant halothane anesthesia to investigate 
the ventilatory response to arterial H+ at different constant РсОг levels 
during hyperoxia or hypoxia. The results in hyperoxia confirmed the 
observations of Hamilton and Brown (1964). The results in hypoxia 
suggested that the hypoxic stimulus to the peripheral chemoreceptors 
interacts mainly with H+ to potentiate their activity. 
Methods 
Oenend. Mongrel dogs (13—24 kg) were lightly anesthetized with intravenous 
thiopentol sodium (10 —15 mg/kg) about 15 min before introduction of halo­
thane. A cuffed intratracheal tube was inserted into the trachea in supine position 
and connected to a respiratory valve. End-tidal gas was collected by hand into 
a syringe through a thin polyethylene tube (0.8 mm inside diameter) placed in the 
trachea and was analyzed for alveolar C 0 2 and 0 2 with the Scholander micro gas 
analyzer. End-tidal C 0 2 was monitored continuously with an infrared CO2 analyzer 
(Beekman LB-1) by sampling through a polyethylene tube connected to the tracheal 
tube. The end-tidal 0 2 was also monitored continuously with Kreuzer's Po, elec­
trode (Kreuzer, Rogencss, and Bornstein, 1960; Schuler and Kreuzer, 1967) which 
was located just after the pickup of the C()2 analyzer (Bcncken Kolraer and Kreuzer, 
1968). Since the sampling rate of the infrared C 0 2 analyzer was not always quite 
constant, the sampled gas (250 — 300 ml/miii) was continuously returned to the 
tracheal tube except in the case of calibration of the C 0 2 analyzer and the Po» 
electrode. Arterial blood was drawn anaerobically into a syringe from the femoral 
artery to measure immediately the pH by a glass electrode (Radiometer, type G 299), 
the arterial carbon dioxide tension by a Pco, electrode (Radiometer, type E 5036), 
and the arterial oxygen tension by a Po, electrode (Radiometer, type E 504G) 
at 38 е С Arterial pH was converted to hydrogen ion concentration (H"1 in nano-
moles/liter). All values of arterial Pco, and H+ were expressed as differences between 
observed and air-breathing control values. The gas mixtures were administered 
to the dog from a plastic Douglas bag (about 1,000 liters) containing a mixing fan. 
Ventilatory minute volume was measured by a spirometer of 120 1 (Godart) 
and the values were converted to BTPS (38°C). The results for all ventilatory 
minute volumes were expressed as ventilation ratios (VR) of observed ventilation 
to control ventilation during air-breathing. Body temperature was measured with 
a thermistor inserted into the rectum to a depth of about 17 cm and was maintained 
within i 0.35° С throughout the experiment with the aid of an electric heating pad. 
Four variables (alveolar Pco,, alveolar P o , , body temperature, and alveolar 
halothane concentration) were recorded simultaneously on a Honeywell visicorder 
(type 1108). 
Halothane Administration. The dogs began to move usually 10—15 min 
after the injection of thiopentol sodium. At this point halothane was administered 
by the inspiratory effort of the dogs through a non-rcbreathing system in the fol­
lowing way; halothane fluid was vaporized in a 280 ml glass bottle with compressed 
air or compressed gas containing 10 —120/0 0 2 in N 2 (for hypoxic experiments) and 
the anesthetic vapor-gas mixture was introduced through a polyethylene tube 
(6 mm i.d.)with a rubber buffer-balloon into a corrugated rubber tube of 2.5 cm i.d. 
which was placed between the Douglas bag and a respiratory valve. After sampling 
through a thin polyethylene tube placed in the trachea, alveolar halothane con­
centration (AHC) was continuously measured with a halothane meter (Hook& 
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Tucker, Ltd ) ; the meter settings were checked by gas chromatography (F & M 
Model 700). The gas (430 ml/mm) sampled by the halothane meter was not corrected 
to ventilatory minute volume. AHC could be easily adjusted to a desired level by 
changing the flow of the vaporizing gas by a screw clamp placed in a bifurcation 
just before the inlet of the glass bottle; the AHC could be maintained to within 
± 0 . 0 2 0 / 0 during a steady state of spontaneous breathing in any condition 
During air-breathing, AHC was gradually increased to attain a steady state 
with reasonable respiratory variables; then this condition of AHC was tested with 
hypoxic gas (10—12% O2 "* ^2) ί ° Γ about 5 mm. If the dog did not wake up 
in this condition, this AHC was referred to as the minimum alveolar concentration 
for this individual dog and was kept constant throughout the expenment 
Metabolic Acidosis m Нуретохш. After contiol measurement during air-breath­
ing, an oxygen-nitrogen mixture was administered for 15 minutes, this was 
continuously adjusted to keep arterial P02 above 200 mm Hg to avoid the hypoxic 
stimulus. C 0 2 was added to inspired gas mixtures in graded amounts to obtain the 
ventilatory response to the different constant levels of arterial P c o , without 
hypoxic drive. Five minutes a t least were allowed for equilibration at each new 
level of arterial Pco, · After the first ventilatory response curve to C 0 2 was obtained 
with normal aoid-base condition, a solution of 0 5 N HCl л аь infused at a rate of 
1—2 ml/mm through the femoral vein. At least 20 minutes after infusion of the 
HCl solution were allowed for the acid to distribute; then the second ventilatory 
response curve to C 0 2 was obtained a t the various P c o , levels. By the same pro­
cedure the third or fourth ventilatory response curve to COj was obtained a t 
various levels of acid-base displacement 
Metabolic Acidosis m Hypoxia. The expenmental procedure was the same as 
in hyperoxia, except that arterial P o , was always kept a t a certain level as constant 
as possible throughout the experiment at different levels of Pco,- Arterial P o , was 
kept constant by monitoring the alveolar P o , with Kreuzer's P o , electrode (Kreu­
zer, Rogeness, and Bornstein, 1960; Schuier and Kreuzer, 1967). 
Metabolic Alkalosii m Hypoxia. The experimental piocedure was the same as 
t h a t in hypoxia, but with the infusion of a solution of 1 M N a H C 0 3 instead of the 
HCl solution to obtain the ventilatory response curve to aiterial P c o , in alkalosis. 
Results 
I t is known in human beings that inhalation of halothane causes an 
increase in respiratory rate and a decrease in tidal volume (Burnap, 
Galla, and Vandam, 1958). This respiratory pattern was also observed 
in some dogs m the present experiments, as AHC increased, the respira­
tory rate increased up to 50 or more per mmute. Such dogs were always 
discarded because it was difficult to attain a steady state. 
The slope of the ventilatory response curve of the dog to alveolar 
•Pco
a
 decreased with increase in AHC (Brandstater, Eger II, and Edehst, 
1965) ; however, the response curve to alveolar Pco 2 remained essentially 
unchanged for up to eight hours at a constant AHC. We confirmed these 
observations in preliminary experiments, also in hypoxic condition ; 
the slope of the response curves to Pco 2 with constant level of arterial 
Po
a
 (about 50 mm Hg) was inversely related to the AHC. Since the 
ventilatory response curves to chemical stimuli are very sensitive to 
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changes in AHC, a special effort was taken to keep AHC as constant as 
possible ; the variation in AHC was within ^ 0.020/0 in our experiments. 
The control values of the respiratory variables in 12 dogs breathing 
room air are shown in Table 1. These measurements were usually made 
two hours or more after the injection of thiopentol sodium in order to 
avoid or to minimize the effects of this anesthetic. AHC was, on the 
average, 0.890/o (0.75 —1.00/o). This is similar to 0.7 to 1.10/0 (minimum 
AHC) as reported in dogs by Brandstater, Eger I I , and Edelist (1965). 
Severinghaus and Larson (1965) described 6.8 mm Hg as a minimal al­
veolar tension of halothane for the dog. 
Table 1. Control values of respiratory variables obtained in 12 dogs breathing room 
air. The first eight dogs were used for hypoxic experiments, the remaining four dogs 
for поп-hypoxic experiments. The first four of the eight hypoxic experiments refer to 
he left part of Figs. 1 and 2, the last jour to the middle part of Figs. 1 and 2. 
AHC = alveolar halothane concentration; f = respiratory frequency 
Dog Body AHC Body Ϋ
α































































































































As described in Methods, the gas sampled for the infrared C 0 2 
analyzer was continuously returned to the tracheal tube. Thus the values 
presented in Table 1 are not strictly the same as those which would be 
obtained during " p u r e " air-breathing. CO
a
 contaminating the inspired 
air (via the C 0 2 analyzer) was approximated in all dogs from the alveolar 
С 0
а
 concentration (0/0) and the expired ventilatory minute volume, 
assuming t h a t the gas volume added during the phase of inspiration 
would be about 300/2 or 150 ml/min. The mean value of C 0 2 in inspired 
air thus was 0 . 2 3 % (0.13—0.37%). I t was assumed t h a t this percentage 
of C 0 2 did not have a significant effect on the control values, as judged 
from the respiratory variables presented in Table 1. 
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Fig. 1. Procedure and results of experiments in acid-base displacement. At left 
hypoxic experiments in which a solution of N a H C 0 3 was given, in the center 
hypoxic experiments in which a solution of HCl was given, and at right hyperoxic 
experiments in which a solution of HCl was given. Arterial Pco, values are plotted 
against arterial Η ' in the P c o . - H - diagram ,both values being expressed as differ­
ences between observed and control levels (Table 1). Points obtained in the same 
condition of acid-base displacement are connected by a solid line. Dotted lines 
indicate that points were used for extrapolation. Roman numerals (ΐ, I I , etc.) 
indicate the order of experimental runs. Figures beside points show the values of 
VR (ventilation ratio) obtained in each point. Small vertical arrow below the lowest 
value of Pco, in some series of hypoxic experiments indicates that the point was 
obtained by allowing a decrease in Pco,; there was no CO2 in the inspired gas 
mixtures. In hyperoxic experiments all of the lowest values of Pco, in each series 
were obtained by allowing a decrease in Po, 
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Hypoxia (NaHCQ.,—HCl) 
Dog 35 
Pa 0 =52 3±1 6 
1
 mm Hg 
Hypoxia ÍHC1I 
Dog 8 
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Fig. 2. Analyzing procedure for experimental results in acid-base displacement. At 
left (dog 35) and in the center (dog 8) hypoxic experiments, a t right (dog 42) 
hyperoxio experiment. In the top row the same diagram as shown in Fig. 1. In the 
middle row VR values are plotted against arterial /IPco,- Points in each scries of 
experiments were connected by a solid line (only series I in dog 35 was represented 
by a dashed line to distinguish it from the others). I n the bottom row VR values 
are plotted against arterial zlH"1". Data were obtained by interpolation (or by 
extrapolation in some cases) on the Ροο,-Η4" diagram and Pco.-VR response 
curves. Points with the same values of arterial /IPco, were connected by a solid 
line (two iso-C02 tensions in dog 8 and 35 were represented by dashed lines to 
distinguish them from the others) 
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Pco2-H
+
 Diagram. The general outline of the experimental procedure 
was briefly described in Methods. The detailed procedures arc shown 
in the Pco 2-H
+
 diagram in Figs. 1 and 2. In hypoxia arterial P02 could 
be maintained at about 50 mm Hg throughout the experiment in most 
dogs. In each series of experiments (each solid line in Fig. 1) most points 
were obtained in the direction from low to high values of arterial Pco 2 
and from low to high levels of H+. Only seven out of 135 points were 
obtained in reverse direction (from high to low values of Pco2)· The 
maximum time necessary for one series of experiments was 75 minutes. 
During our experiments, any point along the line could be obtained 
repeatedly without significant deviation. In order to cover the values 
of H+ from alkalosis to acidosis in the same dog, at first a large amount 
of NaHCOa solution was infused into some dogs and subsequently only 
a solution of HCl was infused (I in dog 35 in Fig. 2 as an example). 
PcOi'VR Response Curve. The slope of the Pcoj-VR response curves 
in hyperoxia slightly decreased as arterial Рсо
г
 increased. When meta­
bolic acidosis developed these curves shifted to the left, with low values 
of jPco
a
 a t the horizontal intercept; they appeared to be parallel to each 
other in all different acid-base conditions. An irregular curve was ob­
served in a few cases (series I I I in dogs 43, 45). 
In hypoxia the Pcoa-VR response curve was a straight line. The 
curves shifted to the right in metabolic alkalosis and were parallel or 
slightly divergent with a slope increasing as arterial Pco 2 increased. 
In alkalosis it was observed in a few dogs in hypoxic experiments that 
the increase in VR with increase in Рсо
г
 w a s
 nearly equal to or slightly 
larger than that at normal acid-base balance (series I in dog 35 in Fig. 2 
as an example). Since this was not consistently observed in alkalosis, 
it was not clear whether it had to be attributed to a chemoreflcx drive 
potentiated by the alkalotic condition (Bjurstedt, 1946). In metabolic 
acidosis the Pcoä-VR response curve with hypoxia shifted to the left; 
the slopes of those curves were apparently increased as metabolic 
acidosis developed, producing a moderate "fan" (dog 8 in Fig. 2 as an 
example). This seems to indicate a positive interaction of hypoxia with 
arterial H+. An irregular curve was observed in series I I in dog 7. 
H+-VR Response Curves with гзо-СО
г
 Tensions. The CO2-VR response 
curve is not only concerned with the increase in Рсо
г
 but also in H+ 
which is unavoidably produced by Рсог change. Therefore, the direct 
relationship between VR and H + must be considered. This was possible 
by interpolation (or extrapolation) for the Pco 2-II+ diagram and the 
PCO2-VR response curve. In the present experiments the values of ΑΉ.+ 
and VR were read at every 3 mm Hg of /IPcOa on the Pco2-H+ diagram 
and Pcoa-VR response curve. 23 out of 184 points were obtained by 
extrapolation. This extrapolation did not reach further beyond the 
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measured curve than corresponding to an arterial PcOa 0f 1 m m Hg or 
an equivalent arterial H+ différence of 0.3 —1.5nM/l. The H+-VR re-
sponse curves with iso-COj tensions are shown in the bottom row of 
Fig.2 (dogs 35, 8, 42). For other dogs the data presented in Table 2 
make i t possible to construct the H+-VR response curves with 1зо-С02 
tensions. 
In hyperoxia ventilation increased a t any constant P c o 2 as Ы+ 
increased and the increase in ventilation was roughly proportional to 
the increase in -РсОг in the nearly normal range of acid-base balance 
(for example: dog 42 in Fig.2). However, as the arterial H+ increased, 
the slopes of the H+-VR response curves with ÍSO-CO2 tensions decreased 
with an increment of PcOa ; ventilation became independent of Pco2 and 
more dependent on arterial H + . These observations were also obtained 
in three other dogs in hyperoxic experiments. On the other hand, in 
hypoxia the H + -VR response curves were mostly independent of arterial 
Pco2 in the normal to acidotic condition (dog 8 in Fig. 2), indicating tha t 
these curves are a function of arterial H+. These observations were also 
obtained in three other dogs in hypoxic experiments. However, in the 
alkalotic range the H+-VR response curves were qualitatively similar 
to those in hyperoxia as observed in the range of normal to acidotic 
condition. One experiment (as an exception) showed tha t the H+-VR 
response curves diverged as H + increased (dog 9). The typical H+-VR 
response curves in hypoxia with a range from alkalosis to acidosis are 
shown in Fig.2 (dog 35); the curves are largely dependent on P c o 2 in 
the range of alkalosis, and they become independent of Pco 2 and de-
pendent on H + as metaboUc acidosis develops. I t also can be seen tha t 
ventilation in hypoxia increased (as in hyperoxia) a t any constant 
Рсог
 a s
 H + increased. 
Partial Drives of Pco2 and H+. The ventilatory partial drives of 
arterial P c o 2 and H
1 -
 in hyperoxia are shown in Table 3. These values 
were obtained by interpolation on the H+-VR response curves with 
ÍSO-CO2 tensions (Fig.2) as follows: the vertical distance between any 
two curves a t a given H + represents zJVR solely due to the change of 
3 mm Hg in Pco 2 a t constant H + . Thus it is possible to obtain zJVR per 
Pco2 · And since any H^-VR response curve with iso-Pco2 represents 
the change in VR solely due to the change in H+ at a given constant 
PcOj. i* is possible to obtain ZlVR per ZlH+. The points were read for 
every 3 nM/1 of arterial H+ on the abscissa. 
The partial drives of Pco 2 and H+ decreased as H+ and Pco 2 in-
creased (Tables ЗА, 3C). Partial P c o 2 drive also decreased as P c o 2 itself 
increased (Table 3B). However, partial H+ drive increased as arterial 
H + itself increased (Table 3D). These results can be expressed in terms 
of H+-VR response curves with iso-C02 tensions as follows : the vertical 
42 
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Table 2 Arterial Afl^ and VR at dijjerent constant arterial АРСОІ values obtained 
by interpolation (or by extrapolation m some cases) on the Pco2 H+ diagram and the 
Pc02-VR response curve ΔΗ+ and ЛРсог represent deviations from control values 
obtained during air breathing Three dogs (as examples) are shonn m the bottom row 
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distance between two H+-VR response curves becomes smaller as both 
H+ and Pco 2 increase (Tables ЗА, 3B), and the slopes of the H+-VR 
response curves decrease at any given H + as P c o
a
 increases (Table 3C) 
The VR with a given constant P c o 2 increases as H+ increases (Table 3D) 
At nearly normal levels of .Pco2 and H+, the partial drives of P c o 2 
and ÏÏ+ were, on the average in four dogs, 0 17/mm Hg and 0 07/nM/l, 
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Table 3. Mean partial Рсог "wi H + drive for ventilation obtained from ¡our dogs 
(No.39,42,43and 45) in acid-base displacement during hyperoxia. JFcoa "иа /1H+ 
in the first line of each Table (А, В, С and D) indicate the deviation from the control 
value obtained during air breathing (Table 1). The partial drives of Pco^ and H+ were 
obtained in the selected range of varióles (Tables A and D from 0 to 12 mm Hg of 
APco2> and Tables В and С from 0 to 27 nMjl of AI1+J. S.D. = standard deviation; 




































































































respectively. These values were obtained between 0 and + 3 mm Hg 
of APco2 for partial Pco2 drive and between + 3 and + 6 nM/1 of/1H+ 
for partial H+ drive on the H+-VR response curves with iso-C02 tensions 
in each dog. If the ventilation is induced by the additive effects of partial 
PcOa a n < i H + drive and there is no interaction between these two stimuli 
in hyperoxia (as is usually assumed), the contribution of each drive may 
be calculated taking the total ventilation as 1000/0. It was found to be 
70.9% for Рсо
а
 and 29.1 % for H+. 
Discussion 
Hyperoxia. As compared to our value of 70.90/0 for the contribution 
of the partial Рсо
г
 drive to ventilaion, the following data from the lite­
rature may be mentioned: 850/0 in anesthetized rabbits and 76.1
0/0 in 
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anesthetized dogs (Saito, Honda, and Hasumura, 1960); 69.7 0/0 in 
anesthetized dogs (Domizi, Perkins, and Byrne, 1959) as calculated by 
the present author from the ratio of the coefficient of Рсо^ ^ 0 t h a t of 
H + ; 66.7 0/ 0 in anesthetized dogs and 45.7
 0/o in unanesthetized dogs 
(Hamilton and Brown, 1964); 54.4% in man (Gray, 1950) or 57 0 / 0 in 
man (Lambertsen et al., 1958; Loescheke, Katsaros, and Lerche, 1960). 
These values indicate t h a t the contribution of partial P c o 2 is much 
larger than t h a t of H+ in anesthetized animals whereas the contribution 
of partial P c o 2 drive is nearly equal to that of H+ in unanesthetized 
animals and waking man. I t appears t h a t the ratio of the partial P c o
a 
drive to the partial H+ drive is affected by anesthesia rather than by 
species difiference. 
I t is generally accepted t h a t in acute metabolic acid-base displace­
ment there are no rapid changes in CSF bicarbonate concentration by 
hour or day (Robin et al., 1958; Bradley and Semple, 1962) because of 
the well-known fact t h a t most cell membranes are less permeable to 
НСО
_
з and H+ than to molecular C 0 2 which passes readily across them 
(Jacobs, 1920). Consequently the p H of CSF is solely determined by 
the P c o 2 of CSF and thus is a function of the arterial Pco^ in the pre­
sence of a Pco2 gradient between blood and CSF (Robin et al., 1958; 
Chazan et al., 1969). Therefore, it seems conceivable t h a t the arterial 
iso-C02 tensions (Fig. 2) are equivalent to the CSF іво-СОг tensions and 
approximately to the CSF іьо-Н+. On the basis of this view and the gene­
ral concept t h a t the stimulating effect of C 0 2 on the respiratory center 
is much greater than the effect mediated by the peripheral chemo-
receptors in non-hypoxic condition (Gemmili and Reeves, 1933; H o m -
bein and Roos, 1963; Natsui, 1969), it is most likely t h a t the large 
dependence of ventilation on the arterial Р с о
г
 observed in nearly normal 
acid-base balance is attributable in large part to the drives from the 
central chemosensitivc areas due to CSF II+ which would change solely 
with the arterial Pcoa-
Gray's additive hypothesis (1950) for PcOa аП(^ H+ has been con­
firmed by many investigators in waking man (Looschcke, Katsaros, and 
Lerche, 1960; Lambertsen et al., 1958; Lerche et al., 1960) and in animals 
(Domizi, Perkins, and Byrne, 1959; Saito, Honda, and Hasumura, 1960). 
However, in the present study the total drive became less than the sum of 
the partial drives of P c o 2 and H
+
 as H + and Pco 2 increased (Tables ЗА, 3C). 
This is in agreement only with the results in unanesthetized and anesthe­
tized dogs obtamed by Hamilton and Brown (1964) who proposed 
negative interaction between C 0 2 and H
+
 stimulations. I n the present 
experiments the partial P c o 2 drive also decreased as P c o a increased. 
On the other hand the partial H+ drive increased as H+ increased 
(Table 3D), which means t h a t ventilation increased a t a given Р с о 2 
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with the development of metabolic acidosis. This is a t variance with 
these authors who found the partial H+ drive decreased as H+ increased. 
Domizi, Perkins, and Byrne (1959), using the iso-Pco 2 technique in 
anesthetized dogs, found t h a t there was a slightly increased sensitivity 
to alveolar C 0 2 a t increased H
+
. They studied this effect up to far more 
severe acidosis than in the present paper. Loeschcke's group investigated 
in waking man the interaction between Pco2 and p H in both metabolic 
acidosis (Lerche et al., 1960) and alkalosis (Katsaros et al., 1960), and 
obtained the ventilatory partial drives of Pco2 and p H graphically by 
drawing the corrected isoventilation lines on a Pco 2 -pH diagram. They 
found that the partial .Pco2 drive decreased slightly in metabolic acidosis 
whereas the partial p H drive increased remarkably in metabolic acidosis 
as compared to that in metabolic alkalosis (Katsaros et al., 1960). This 
is consistent with the results in the present experiments (Tables ЗА 
and 3D). 
The H """-ventilation response curves become independent of PcOa 
and dependent on arterial 11+ with the development of metabolic 
acidosis (Fig. 2, Table 3). According to Mitchell (1966) arterial H+ 
begins to move into the CSF below an arterial p H of 7.3. If this also 
pertains in the present study, the central chemosensitive area responsive 
to H"1" would be stimulated partly by arterial H+. I n severe acidosis the 
effect of arterial H"1" on the ventilation via peripheral chemoreceptors 
would be partly expected even in non-hypoxic condition. 
The negative interaction between P c o 2 and H+, observed by the 
present author and by Hamilton and Brown (1964), would occur in the 
central nervous system. Loeschckc, Koepchen, and Gertz (1958) ob­
served in cats with denervated peripheral chemoreceptors that the in­
crease of P c o 2 at constant p H of the perfusion fluid for the fourth ven­
tricle had a negative effect on ventilation whereas the increase of H+ 
at constant Рсо
г
 caused an increase in ventilation. Their observations 
seem to agree with the present results. This P c o 2 effect is, however, 
considered partially as an experimental artifact (Loeschcke and Mitchell, 
1963; Loeschcke, 1969). 
Hypoxia. I t is well known in man t h a t there is a positive interaction 
between Рсог a n c l hypoxia (Nielsen and Smith, 1952; Cormack, Cun­
ningham, and Gee, 1957 ; Leoschcke and Gertz, 1958 ; Honda and Natsui, 
1967). Concerning the site of this interaction it has been demonstrated 
t h a t the positive interaction between chemical stimuli to respiration 
occurs a t the level of the peripheral chemoreceptors (Otey and Bernthal, 
1960; Eyzaguirre and Lewin, 1961; Hornbein, Griffo, and Roos, 1961; 
Joels and Neil, 1961). Metz and Bernthal (1953) studied in anesthetized 
dogs the ventilatory response to the combined effect (acting centrally) 
of arterial Pco2
 a n d . Hering's nerve stimulation. They observed a positive 
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interaction in the combined effect only in the hypocapnic range whereas 
a negative interaction was found in the hypercapnic range. These 
observations were confirmed by Wiemer, Ott, and Winterstein (1963), 
and by Loeschcke et al. (1963) with similar methods. Perkins (1968) 
presented evidence for an additive effect of central hypercapnia and 
reflex drive. From this evidence found in the literature it appears rea­
sonable to assume t h a t the ventilatory positive interaction between 
hypoxia and P c o 2 or H
+
 occurs, to large extent, at the level of the 
peripheral chemoreceptors although the central positive interaction of 
Pcoz (or H+) with a reflex drive cannot be excluded. 
I n the present paper the slope of the .Pco2-ventiIation response 
curve a t constant hypoxic P o 2 increased slightly in the range of alkalosis 
as arterial H + increased. However, the Pco 2-ventilation response curves 
were not considerably different from those obtained in hyperoxia. Con­
sequently the H ''-ventilation response curves a t iso-C02 tensions showed 
a pattern similar to t h a t in hyperoxia; ventilation increased proportion­
ally with the increase in arterial -РсОз- Since one would not expect an 
appreciable ventilatory drive via the peripheral chemoreceptors with 
about 50 mm Hg of arterial Po2 (55—60 mm Hg of alveolar P02) a : n < l 
low H + , ventilation on the alkalotic side may be maintained mainly 
by the centrogenic drive in the chemosensitive area due to CSF H+ 
which was roughly determined by the level of arterial P c o 2 · 
On the other hand the slopes of the P c o 2 - v e n t i l a t i o n response curves 
a t constant hypoxic P o 2 , obtained from the normal to metabolic 
acidotic condition, apparently increased with the development of meta­
bolic acidosis, producing a moderate " fan" . This indicates the positive 
interaction of hypoxia and H+. When the ventilation was plotted against 
arterial H + , this became even more pronounced; ventilation is mainly 
dependent on arterial H+ and independent of arterial Pco 2 · This positive 
interaction of hypoxia and arterial H + is consistent with the results 
obtained by Honda, Natsui, and Hasumura (1965) who observed in 
anesthetized dogs t h a t the partial H + drive for ventilation increased 
gradually as the alveolar P o 2 decreased whereas the partial P c o 2 drive 
progressively decreased with the development of hypoxia. 
The observed H + -ventilation response curves on the acidotic side 
would be the result of several combined factors, not only the drives 
from the central chemoreceptors and via the peripheral chemoreceptors, 
but also by the central P c o 2 depressant effect (Gesell, Lapides, and Levin, 
1940). If the assumption is valid t h a t the positive interaction between 
hypoxia and H+ occurs mainly at the peripheral chemoreceptors, the 
results of the present s tudy in normal to acidotic condition would 
support the view t h a t the H + is a specific stimulus to the peripheral 
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Section 1 The ventilatory response to Pco j during hypoxia in man and 
animals 
It has been shown by Natsui (1965) that a rise in alveolar Pco 2 ^ot% n o i 
contribute to increase the tolerance to severe hypoxia, the limit to the in­
crease of ventilation with decrease of PQT occurs at a higher level of alveolar 
PQ 2 •f alveolar Pco 2 1S ^S^1 ^ а п •f ' t 1 S l o w 
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Fig 1 Alveolar Peo 2 ^ a function of alveolar P02 at "Critical Point" 
(closed circles) during acute hypoxia in six anesthetized dogs 
"Critical Point" refers to the alveolar P02 at maximum ventilation 
Open circles denote the values one minute before attaining the 
"Critical Point". Data were obtained from Natsui (1965, Fig 1) 
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The relationships between alveolar Peo? a n ^ ^02 a t "Critical Points*) or one 
minute earlier, are shown in Fig 1 which is based on data from Natsui (1965, 
Fig 1) Fig ] shows that the "Critical Point" in hypoxia correlates with the 
level of alveolar Peo? ' n normoxia or hyperoxia the anesthetized animals 
seem to tolerate a higher Рссн U e n o (1963) studied, in anesthetized dogs 
during hyperoxia, the effect of severe hypercapnia on respnration with alveo­
lar Peo? gradually increased by a rebreathing method He observed that the 
maximum ventilation was reached at 80-100 mm Hg of alveolar Pco 2 Thus, 
particularly in hypoxic expenments, it must be emphasized that the level of 
Pco 2' e v e n within its physiological range, is a key determinant of the critical 
P02 l n severe hypoxia Honda and Kreuzer (1966) observed, when studying a 
standard ventilatory response curve over the whole range of P02 i n anesthe­
tized dogs, theat ventilation at normal level of Pco? i n cr eased curvdinearly 
with decreasing P02 d n d approached a maximum level at a P02 of 30-35 mm 
Hg This plateau of the ventilatory response curve to hypoxia may be expec­
ted from Fig 1, the "Critical Point" at a P02 of 30 mm Hg is seen at a Pco 2 
of about 40 mm Hg The correlation of Pco 2 a n ^ ^02 W l t h ^ 1 6 "Critical 
Point" could help to interpret the results 
Since the "multiple factor theory" was proposed by Gray (1964, 1950), 
many investigators tned to evaluate this theory Nielsen and Smith (1952) 
were the first to show that Gray's theory was not applicable to the ventilatory 
response to Pco 9 i n waking man during acute hypoxia They found that an 
increase in alveolar Pco 2 during hypoxia has no or only a slight effect on 
ventilation up to a certain value of alveolar Pco 2 whereas above this value of 
Pco 2 a &ven increase in Pco2 c a u s e s a powerful increase in ventilation which 
is larger than that observed during normoxia or hyperoxia, and that the 
threshold value of alveolar Pco2 during hypoxia remains nearly the same as 
during normoxia or hyperoxia Thus the ventilatory response curve toPco2 
during hypoxia shows a characteristic shape which is called "hockey stick" or 
*) In this study the ventilatory response curves to acute hypoxia, obtained by 
a rebreathing method in anesthetized dogs, were determined at different levels 
of alveolar Pco2 As the alveolar P02 was gradually lowered by rebreathing, 
ventilation increased and reached a maximum at a low P02 The value of P02 
at the maximum ventilation was defined as a "Critical Point" for tolerance to 
severe hypoxia 
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"dogleg". The results of Nielsen and Snulh have been confirmed and extend­
ed in waking man by several laboratories (Cormack, Cunningham and Gee, 
1957, Lloyd, Jukes and Cunningham, 1958, Loeschcke and Gertz, 1958, 
Lloyd and Cunningham, 1963). However, the observations obtained in anes­
thetized animals are different from those in waking man. By observing the 
phrenic nerve discharges in anesthetized dogs, we reported previously that the 
threshold value of Pco? changed and decreased with lowering of P02 (Honda 
et al 1963)*). Hamilton and Brown (1964), Mitchell, Bainton and Edelist 
(1966), Tenney and Brooks (1966), and Honda (1968) did not observe the 
"hockey stick" in the ventilatory response curve to Peo? i n ^ 5 0 ^ unanes-
thetized and anesthetized animals. 
Such response curves to PccH a r e shown in Fig. 2 as reconstructed from the 
ventilatory response curves to hypoxia (Natsui, J 965). Fig 2 shows: 
1) the ventilatory response curves to Pco2 sh'f' simply to a lower Pco2 а 5 
PQJ falls and consequently there is no horizontal portion in these curves 
(with the exception of dog 35 in a very narrow range of hypocapnia), 
2) in both hypo- and hypercapma, the slope of the ventilatory response curve 
to Peo? IS slightly steeper at a PQT of 50 to 60 mm Hg than at a P Q , of 70 
mm Hg and becomes less steep again at a PQT of 30 to 40 mm Hg as 
compared to a P02 of 50 to 60 mm Hg These observations led to the 
suggestion that the differences between waking man and animals may not be 
due to the anesthetic but rather to a species difference, as pointed out by 
Honda (1968). Honda and Natsui (1967) observed that the "hockey stick" of 
the ventilatory response curve to Реей during hypoxia was observed not only 
in waking man but also in sleeping man although the slope of the curve above 
the threshold PcOj became smaller dunng sleep Furthermore Honda (1968) 
did not find the "hockey stick" in both unanesthetized and anesthetized 
rabbits. 
Therefore, the "hockey stick" would be characteristic for man, there is a 
fixed threshold value of РссН' independent of PQT. below which the change 
*) In this study the threshold value of alveolar Pco2 w a s defined as the Pco2 
of the point where the decreased Pco? produced by artificial hyperventi­
lation was sufficient to cause the disappearance of the pre-existing phrenic 
nerve discharges. 
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Ventilatory response curves to alveolar Peo 2 a t different constant 
levels of alveolar P02 in six anesthetized dogs. These curves were 
reconstructed from Natsui (1965, Fig. 1). 
Ventilatory minute volume was expressed as ventilation ratio 
(V.R.) of observed ventilation to control ventilation during air 
breathing. APÇQJ indicates the deviation from the control value 
of PCO2 dunng air breathing. The figure on each response curve 
denotes the constant alveolar P02· Two points in parentheses (dogs 
38 and 39) were obtained by extrapolation from the ventilatory 
response curves to hypoxia. 
in Peo 2 d o e s n o t гч"0!1 influence ventilation but above which Pc0 2 has a 
powerful effect on ventilation On the other hand, since there is no "hockey 
stick" of the ventilatory response to Рсот i n animals, and the curves shift to 
a lower Рсог a n ^ a r e г о ибЫу parallel to one another as P02 decrease (Fig 
2), Gray's "multiple factor theory", which was drawn from many data in man 
from the literature, seems to be qualitatively applicable to the ventilatory 
response to Pco? ш animals during acute hypoxia 
It is well known that, out of the three chemical stimuli of respiration, 
low arterial PQT stimulation acts exclusively on the peripheral chemo-
receptors whereas arterial Рсог o r H+ acts not only on the central but also 
on the peripheral chemoreceptors Thus in order to interpret the ventilatory 
response curve to PQOJ during hypoxia involving both chemoreceptors, data 
should be obtained in such a condition that one type of chemoreceptor is 
blocked experimentally while the other is intact The following section will be 




Section 2 The "hockey stick" in the ventilatory response to Pco2 
during hypoxia 
It was demonstrated by Natsui (1969) that the ventilatory response to hyper-
capma during hyperoxia was markedly depressed at about 10oC below normal 
temperature whereas the ventilatory response to hypoxia with normocapnia 
was also depressed and was essentially the same as that with hypocapnia 
during normothermia or hypothermia These results were interpreted as indi­
cating that the central area chemosensitive to Рсог 1S suppressed exclusively 
by hypothermia without much effect on the function of the peripheral 
chemoreceptors This implies that the central chemoreceptor area would be 
independent of the pathway of the peripheral chemoreceptor reflexes More 
evidence for this was recently obtained by Schlafke et al (1969) They found, 
in decerebrated cats with denervation of vagi and sinus nerves, that cold 
blocking of a defined area on the ventral surface of the medulla caused apnea 
whereas electrical stimulation of the severed sinus nerve caused an increase in 
ventilation and rhythmical respiration A further graphical analysis of the data 
from Natsui (1969) is shown in Fig 3 As mentioned in the previous section, 
the ventilatory response curves to Pc0 2 a t n o r m a ' body temperature (shown 
by lines with open circles) shifted to a lower Pco2 a n d w e r e roughly parallel 
to one another, even to the curve during hyperoxia However, during hypo­
thermia the ventilatory response curves to Pc0 2 (shown by lines with closed 
circles) were markedly depressed in the entire range of P02 levels and were 
nearly horizontal, indicating the very low sensitivity of the respiratory system 
to Pco2 ' n s P l t e 0f ^ 1 6 s r n a 4 response to Pc02>1 І l s interesting to note that 
ventilatory minute volume during hypothermia increases as P02 decreases, 
which is somewhat similar to the flat portion of the response curve to Рссн 
during hypoxia in man Since the ventilatory response to Pco2 W l t ^ hyper­
oxia was depressed markedly during hypothermia while the ventilatory 
response curve to hypoxia with Рсси allowed t 0 decrease with the lowering 
of P02 was essentially the same during both normothermia and hypothermia, 
we concluded that ventilation in hypoxia during hypothermia would be 
maintained mainly by the reflexogenic drive from the peripheral chemo­
receptors (Natsui, 1969) The ventilatory minute volume in this flat portion 
for each graded hypoxia increases very slightly as Рссн increases This could 
be regarded as the ventilatory drive of the peripheral chemoreceptors due to 
either Рссн o r hypoxic potentiation with Рссь o r both, as also assumed by 
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Ventilatory response curves to alveolar Рсог а* different constant 
levels of alveolar PQT i n dogs during normothermia and hypo­
thermia (about 10oC below normal body temperature). Venti­
latory minute volume was expressed as ventilation ratio (V.R.) of 
observed ventilation to control ventilation during air breathing at 
respective body temperature. AÏQQJ indicates the deviation from 
the control value of alveolar Рсог obtained in air breathing. The 
mean value of Рсог a t ^ Р с о г = 0 w a s 39.3 mm Hg (number of 
measurements = 58). The figure on each response curve denotes the 
constant alveolar P02· Points are mean values from 3 to 12 dogs. 
These response curves were reconstructed from data of Natsui 
(1969, Figs. 1 and 2) and supplemented by curves based on data of 
Natsui(1965) because the response curve to Pco? a t ^O? =30 m m 
Hg was missing in the data of Natsui (1969). In order to obtain the 
threshold PQOJ ^ е r e s P o n s e curves were extrapolated (shown by 
dotted Imes). 
Honda and Natsui (1967) It should be mentioned here, however, that the flat 
portion in Fig 3 does not strictly indicate the "pure" ventilatory curve of 
normal function of the peripheral chemoreceptors because we could not com­
pletely exclude the possibility that the function of the peripheral chemo­
receptors might be depressed by hypothermia although such an effect should 
be only slight (Natsui, 1969) 
In view of these considerations it appears reasonable to assume that the steep 
slope of the response curve to Рсог in<licates the ventilatory dnve largely 
from the central chemoreceptors due to Ρςοτ a n ^ ^ 1 6 ^ a t portion indicates 
the ventilatory drive largely from the peripheral chemoreceptors due to the 
hypoxic stimulus With this assumption the relative contribution of the peri­
pheral chemoreceptors to total ventilation was obtained at normal level of 
Pc02 0 e > APco2 = 0) from F'S 3, taking as 100o/o the total increase 
Д R above V R = 1 of the response curve with the steeper slope at this 
point (ЛРсог = Φ' t h e P e r c e n t a g e of AV R above V R = 1 of the flatter 
curve was calculated (shown schematically in Fig 4) It was found to be 
34 9°lo at a P o 2 of 30 mm Hg, 35 0






 РсОг mmHg 
Fig 4 Calculation of the relative contnbution of the peripheral chemo­
receptors to total ventilation 
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and 20.8o/o at 60 mm Hg; thus the relative contribution of the peripheral 
chemoreceptors to total ventilation at а Рсси of about 40 mm Hg increases 
with lowering of P Q I · reaching a maximum at a PQ-, of 30-40 mm Hg. 
The threshold value of the Pço-, stimulation to ventilation has been 
defined as the PccH ' e v e ' 0^ 1 ' 1 е P o m t where the response curve with a steep 
slope intersects the abscissa during hyperoxia or the response curve with a 
slight slope dunng hypoxia (Nielsen and Smith, 1952; Honda and Natsui, 
1967). This definition was also applied to Fig 3 in order to obtain the 
threshold Ρςοι ^0Γ ventilation as shown by dotted lines in Fig. 3. 
The results are presented in Table 1. The threshold Реей decreases as PQ-, IS 
lowered. Thus there seems a certain threshold for each graded hypoxia, the 
Table 1 Threshold values of alveolar Ρ(·θ2 stimulus for ventilation at dif­
ferent constant levels of alveolar PQ-,. 
APco2 =0(Fig. 3) refers toa P C o 2 of 39.3 mm. Hg. 
Line 1 : Values obtained from the response curves indicated by 
о - о and • - • i n Fig 3. The threshold P C o 2 at Po 2 
> 100 mm Hg was obtained from the response curve 
indicated by О—о and extrapolated to its intersection 
with the abscissa. 
Line 11 : Values obtained from the response curves indicated by 
χ — χ and · — · in Fig. 3. 
P02 i n mmHg 
Threshold Рсог 
in mm Hg 
1 
11 
30 40 50 60 >100 
27.7 32.2 35.9 34.2 
20.5 25.7 29.8 33.2 
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central chemoreceptors would begin to contribute to ventilation above each 
threshold Pcoi- This is in good agreement with the results obtained by 
Honda et al (1963) using a afferent technique. Mitchell, Bainton and Edelist 
(1966) measured the alveolar Рсог a t ^ 1 6 " a P n e i c threshold" in waking dogs 
during hypoxia They found that the Pc о 2 decreases from a control value of 
34 4 to 28 1 mm Hg during hypoxia (P02 = 47 2 mm Hg). It may be con­
cluded that the threshold Рсог ^ о г ventilation in animals would not be due 
to the peripheral chemoreceptor mechanisms since the chemoreceptors have a 
low response to Рсог a s ' o n 8 a s ^СОг 1S below normal (Fig 3), but to the 
central mechanisms of Рсог i n accordance with the information from the 
peripheral chemoreceptors 
On the other hand in man the threshold Pco2 remained practically 
unchanged at all levels of alveolar Ρθ2> · ε·> there seems only one value of 
threshold Pço2 independent of the degree of hypoxic stimulus. Nielsen and 
Smith (1952) interpreted this as the Рссн threshold of the respiratory center. 
Although we came to the same conclusion (Honda and Natsui, 1967) the 
question anses here as to whether the threshold PCO2 1S a central mechanism, 
since sleep decreases the slope of the response curve to Рссн but d o e s not 
have much effect either on the value of the ventilatory minute volume in the 
flat portion or on the value of the threshold Pco2 (Honda and Natsui, 1967). 
Thus the mechanisms for the threshold Pco 7 i n ^ e respiratory system may 
not be the same for man and animals. Another possibility is that there might 
be a threshold of Pco 2 stimulus to the peripheral chemoreceptors in man, 
which would not be affected by the hypoxic stimulus either. But this seems 
unlikely in view of the fact that electrophysiological studies in cats showed 
that the threshold for the peripheral chemoreceptors is around 20 to 30 mm 
Hg of Рсог (Eyzaguirre and Lewin, 1961, Bartels and Witzleb, 1956,Euler, 
Liljestrand and Zotterman, 1939) and that there is a definite interaction in 
the response of the chemoreceptors to P02 and Рсси (Eyzaguirre and Lewin, 
1961 Hornbein, Griffo, and Roos, 1961), however, whether these results 
obtained in animals also pertain to man is uncertain. 
The change of Pco 2 i n alveolar air and thus in arterial blood is always 
associated with a change in arterial H+. This resultant change in H + so far was 
included in the change of Рсог but artenal H"1 is also important as a chemical 
stimulus to ventilation. Thus in the following section we will consider the 
effectsofa rise of H+independent of change of Pco 2· 
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Section 3 The ventilatory partial drives of arterial Pco2 ^ ^ H+ and 
hypoxic potentiation of these chemical stimuli 
It is generally considered that in normoxia or hyperoxia the arterial YQOJ a n ^ 
H+ stimuli for ventilation act mainly on the central chemoreceptors However 
Mitchell et al (1964) found in waking dogs that the C02-ventilation response 
curve in ammonium chloride acidosis did not differ from that in control after 
denervation of the peripheral chemoreceptors. In agreement with the observa­
tions by Wmterstein and Gokhan (1953), the above authors suggested that H + 
in arterial blood in the pH range from 7 3 to 7 5 acts on the penpheral 
chemoreceptors only. 
In non-hypoxic condition Gray's theory (1946, 1950) for arterial Pco? 
and H + has been generally accepted, the Pco τ a n ^ ^ + stimuli act indepen­
dently and the resulting ventilation, when both changed simultaneously, is 
simply the algebraic sum of these effects. Many studies earned out in waking 
man showed that the ventilatory response curves to Pco 2 shifted to a lower 
Pco 2 W 1 th metabolic acidosis and that they were parallel. The same pattern 
of response curves to Pco 2 i n metabolic acidosis was also obtained m anes­
thetized animals (for example, Natsui, 1970). This indicates that, contrary to 
the results in man during hypoxia (see previous section), there is no fixed 
value of the threshold Pco 2 a s chemical stimulus for ventilation In other 
words the threshold Pco 2 changes and decreases as metabolic acidosis devel­
ops. 
This was clearly shown in anesthetized dogs by Honda et al (1962) who, by 
recording phrenic nerve discharges, observed that the threshold values of 
Pco2 w e r e lowered linearly with increasing arterial H+. Furthermore it was 
found in respiratory alkalosis produced by artificial hyperventilation that the 
decrease of the threshold Pco 2 correlated with the decrease of plasma bicar­
bonate (Natsui and Honda, 1963). Therefore, it could be concluded that, 
concerning the ventilatory response curve to Pco2 an^ the threshold Pco2 i n 
acid-base displacement, there may be no difference between man and animals 
However, it remams uncertain why there is a fixed value of the threshold 
Pco 2 for ventilation only in man dunng hypoxia. 
In both unanesthetized man and animals the ventilatory share due to the 
partial Pco2 a n ^ H+ drives is approximately equal in normal acid-base con­
dition as reported by many investigators (see discussion in Natsui, 1970) 
However, this proportion seems to be affected by anesthesia, in anesthetized 
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condition about 70o/o of total ventilation is induced by Рсог гп^ ^ е г е" 
maining 30o/o by H+. Thus it would be tempting to assume that anesthetics 
act on the central chemoreceptors so as to reduce their sensitivity to H + In 
fact the results obtained in anesthetized dogs (Natsui, 1970) showed that 
control of ventilation during hyperoxia is more dependent on the arterial 
PCOT when the acid-base condition is nearly normal, but it becomes more 
dependent on arterial H+ with the development of metabolic acidosis This 
indicates that the relative contributions of partial P c o , and H + drives to total 
ventilation vanes according to the acid-base condition Fig 5 shows the rela­
tionships between ventilatory partial drives of Pco? o r H + and H + orP^Q, 
as compared with data from Hamilton and Brown (1964) who were the first 
to report a negative interaction between arterial Ρς,ο? ^ ^ ^ + a s chemical 
stimuli acting on ventilation Our results (closed circles in Fig. 5) are con­
sistent with the view of these authors, except with regard to the partial drive 
of arterial H+ as a function of H+, an increase in Рссн o r H + acts as a 
depressant on the ventilatory partial drive of Рсси a n ^ an increase m P c o i 
also acts as a depressant on the partial dnve of H+, but an increase in H + 
results in an increase of the partial drive of H + 
Fig 5 shows the mean values of the partial drives of Pço 2 a n ^ ^ +, each point 
was obtained from a wide range of Pco? o r H+ Table 2 shows m detail the 
partial drives of Pc Q2 3 Π ^ H+, which were obtained from every 3 mm Hg of 
Pc0 2 a n d 3 nM/1 of H + It is again seen from Table 2 that the partial dnve of 
H+ at any level of constant Рссн increases with the increase of H+although 
this becomes less pronounced at higher Pco? whereas the partial drive of H + 
at any level of constant H + decreases with the increase of Pco 2 a"^ ^ е 
partial drive of Pco 2 a t ^У ' e v e ' of constant Pco 2 or Η + decreases with the 
increase of H+ or Pco2 Katsaros et al (1961) found in waking man that the 
partial Pco 2 ^1™6 decreased slightly in metabolic acidosis whereas the partial 
pH drive increased markedly in metabolic acidosis as compared to that in 
metabolic alkalosis Thus, although the parallel shift of the ventilatory re­
sponse curves to Pco2 i n n o r m a l to acidotic condition seems to indicate 
additive effects of the Pco2 a11'' ^ + stimulation, a large part of ventilation 
may actually be due to the ventilatory dnve of Pco 2 m normal and the drive 
of H+ in acidotic condition (Natsui, 1970) 
As discussed in the previous section the ventilatory contribution of the 
peripheral chemoreceptors due to the hypoxic stimulation becomes predomi­
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deviations from control values in normal acid-base condition. 
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receptors are stimulated not only by low arterial PQT but also by arterial 
PÇOT ^ d H+ and there is a hypoxic potentiation in the activity of these 
receptors with Pc0 2 o r ^ + o r both as supported by electrophysiological 
studies in cats. It is also well known that there is a positive interaction 
between Peo? ^ ^ hypoxia in terms of the ventilatory response curves to 
these stimuli Although this hypoxic potentiation with Pc0 2 1S ' e s s w e l ' 
demonstrable in animals (Chapter III, 1 and 2) it was observed, in the ventila-
tory response curve to Рсог ш metabolic acidosis, that there is a positive 
interaction between hypoxia and H + (Natsui, 1970). This is consistent with 
the results of Honda, Natsui and Hasumura (1965). By further analyzing the 
data we came to the conclusion that the increase of ventilation in hypoxia is 
mainly due to the arterial Pco? stimulus acting on the central chemore-
ceptors in alkalotic condition and in normal to acidotic condition ventilation 
becomes more dependent on arterial H+ and independent of arterial Pco? 
(Natsui, 1970). There is evidence m animals that the interaction between the 
ventilatory drives from the central and peripheral chemoreceptors is additive 
(Perkins, 1968). Thus it was concluded that the hypoxic potentiation with H + 
would occur to large extent at the level of the peripheral chemoreceptors 
(Natsui, 1970). 




Among the chemical stimuli affecting respiration the P02 of artenal blood, if 
above the normal value of 100 mm Hg, is least important in connection with 
changes in ventilation due to the artenal Рсог an^ H + stimuli There is 
general agreement that the increase of Pco2 3 η ^ Η + stimulates mainly the 
central chemoreceptors to increase ventilation 
In waking man and animals the relative contribution of PCO2 a n ^ H + to 
total ventilation are approximately equal in normal acid-base condition 
Anesthetics or sleeping exert an effect on the central chemoreceptors to 
decrease the ventilatory partial drive of H + from 50 to about 30o/o, conse­
quently the partial drive of Pco? i n c r e a s e s from 50 to about 70o/o Thus 
control of ventilation in unconscious condition is dependent more on the 
Ρςθ2 than o n the H+stimulus 
In metabolic acidosis the ventilatory response curves of animals to Рсог 
shift to a lower Рсот a n ^ a r e n e a r l y parallel to one another Thus it seems 
that the stimulating effects of PQOJ a n c* H+ are additive, 1 e , the Pco2 a n ^ 
H+ stimuli act independently on ventilation and the resulting ventilation is 
simply the algebraic sum of these effects But there is actually a negative 
interaction between the increases of Рссь ^ ^ H+, the increase of Рсси h a s a 
depressing effect on the partial dnve of H+, and vice versa The partial drive 
of Pco2 1S ^ 5 0 depressed by the increase in Рсог l t s e lf Contrary to this the 
partial dnve of H + is enhanced by the increase in H + itself Therefore, in 
metabolic acidosis the ratio of the ventilatory partial drives of Рссъ t 0 H + 
vanes according to the development of acidosis, control of ventilation in 
severe acidosis becomes more dependent on the H + stimulus and independent 
of the Pco2 stimulus 
Hypoxia 
Concerning the ventilatory response curve to Рсог dunng acute hypoxia 
there is a definite species difference between man and animals. 
In man the response curve to Pco 2 shifts to a lower PÇQ ^ with increase 
of the hypoxic stimulus but there is a fixed value of the threshold Pco 2 ^ о г 
ventilation which is independent of the level of P02 Below the threshold 
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Peo2 ventilatory minute volume increases as P02 decreases but the change in 
PCO2 d 0 6 5 n o t significantly affect the response curve Above the threshold 
PCO2 ^ 6 change in РсОг ^as a powerful effect on ventilation, the slope of 
the response curves to Рсси becomes steeper as P02 1S lowered, indicating a 
hypoxic potentiation with Рсог Since the response curve of man is made up 
of two slopes, slight and very steep, it shows a characteristic shape, the 
so-called "hockey stick" 
Ventilatory minute volume in the portion of slight slope is regarded largely as 
the ventilatory drive by the hypoxic stimulus mediated through the peripheral 
chemoreceptors because the ventilation increases as P02 decreases, indepen­
dent of the change 111 Pco? ' ^ ^ 1S η ο ί much decreased by sleeping The 
hypoxic potentation with PccH w o u l d occur in the respiratory center 
between the Pco2 o r H+ drive via the central chemoreceptors and the hy­
poxic drive via the peripheral chemoreceptors 
On the other hand in both unanesthetized and anesthetized animals the 
ventilatory response curves to PQOJ during acute hypoxia shift simply to a 
lower Рсог a s ^O? 1S low^ed and are roughly parallel to one another al­
though there is a slight hypoxic potentiation with Pco2 ^ u s there is no 
"hockey stick" and no fixed value of the threshold Рсог , n animals. These 
response curves are similar to those observed in hyperoxia dunng metabolic 
acidosis. In anesthetized animal hypothermia at about 10oC below normo-
thermia blocks exclusively the function of the central chemoreceptors 
without much alteration in the response to hypoxic stimulation of the pe­
ripheral chemoreceptors Thus the ventilatory response curves to Рсог ш 
hypoxia dunng hypothermia show a slight slope and the ventilatory minute 
volume increases with the increase in hypoxic stimulation independent of the 
increase in Peo?· This is somewhat similar to the flat portion of the response 
curve to Рсог i n hypoxia observed in man By graphic analysis of the two 
ventilatory response curves to Рсог a t different constant P02 values during 
normothermia and hypotherrrua it was shown that the value of the threshold 
PCCH for ventilation decreased as Ρςπ decreased which confirmed the pre­
vious results. The threshold Pco? ^ о г resPiratory system was interpreted as a 
central mechanism in animals but whether it is a central or peripheral mecha­
nism in man remained uncertain. 
In metabolic alkalosis the ventilatory response curve of animals to Рсог 
at a constant P02 of about 50 mm Hg is similar to the response curve with 
hyperoxia to Рссн i n metabolic acidosis, i.e., control of ventilation is depen-
50 
dent more on Pco? ^ 1 3 1 1 o n ^ + · ^n metabolic acidosis there is hypoxic 
potentiation with H+ but not with Рсог- This means that control of ventila­
tion is dependent much more on H+ than on Pco? i n metabolic acidosis. It is 
concluded that hypoxic potentiation with H+ occurs at the level of the pe­
ripheral chemoreceptors (Natsui, 1970). 
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" S T E L L I N G E N " 
I 
The sensitivity of the central chemoreceptors to CO2 is mainly depressed 




Ventilation in hyperoxia is largely dependent on Рсог if acid-base balance is 
near normal, but becomes independent of Рсог ^ ^ dependent on arterial H + 
as arterial H + increases. 
This Thesis. 
Ill 
The ventilatory positive interaction between hypoxia and Рсог o r H + occurs, 
to large extent, at the level of the peripheral chemoreceptors although the 




The level of Рсоз» e v e n within its physiological range, is a key determinant of 
the critical PQ 2 in severe hypoxia. 
This Thesis. 
V 
Gray's "multiple factor theory", which was drawn from many data in man 
from the literature, seems to be qualitatively applicable to the ventilatory 
response to Pco ? ' n animals during acute hypoxia. 
This Thesis. 
VI 
Continuous measurement of arterial Рсог a n c* P^ dunng ехігасофогеаі cir­
culation gives more information concerning the chemical homeostasis than 
the measurement of artenal and venous P02· 
VII 
"Sun bath" is not useful for human beings in promoting their health 
VIII 
The Henng-Breuer reflex should be renamed to "Breuer-Henng reflex". 
Perkins, J. E, Jr. Historical development 
of respiratory physiology. 
In Handbook of Physiology, Section 3 
Respiration, vol. 1, pp. 1-62. 
Ed. by W.O. Fenn and H. Rahn 
Am. Physiol Soc , Washington, D.C., 1964. 
IX 
Trees along roads are often an indirect cause of fatal accidents 
An investigation of an effective protection is urgently needed 
X 
Japanese scientists should come to Europe with their families 
XI 
It would be advisable to adopt another type of promotion without "Stellin­
gen". 
October 1970 T. Natsui 




